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SIUOPSIS 


SPECTEA STETJCTUEE COEEELATIOH IN CEETAIN POLYATOl'flC SYSTEMS 

Spectroscopic investigations dealing with absorption and inelastic 

1 

scattering of photons have tx major role in unravelling the couqplex struc- 
ture and dynamical behaviour of many particle systems; molecules and 
crystals. In order to get an insight into the methodology of such investi- 
gations infrared and vibrenic spectra of chlorobenzene were analysed in 
vapour phase. Similar attempts were made to understand the Raman and 
infrared ^ectra of simple molecular crystals of halogens. These two 
aspects are presented only as publidied papers at the end of the thesis. 

The study of ferroelac tries has got stimulated interest in recent 
years because of their wide applications in electrical devices^ Similar 
interest in the study of crystal hydrates may be observed as they provide 
adequate informations about interactions like H-bonding and metal-oxygen 
coordination. The imder standing of these interactions is very useful in 
the study of several bio-chemical and bio-physical phenomena. As such 
investigations on ferroelectric (NH^) 2 S 0 ^ and (NH ^)2 and the transition 

metal hydrate O^-NiS0^.6H20 have been presented in the main thesis. The 
thesis has been devLded in six chapters. 

Various aspects of IR and Raman spectroscopy relevant to the preseirt 
investigations have been briefly reviewed in Chapter I. A brief discussion 
has also been made on hydrogen bonding, inportant aspects of f err oel eo tries 
and attenuated total reflection (ATR) spectroscopy. The treatment given is, 
however, general and independent of the ^ecific systems studied. The 
application of these discussions is the concern of Chapters III, IT, V and VI. 
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branches have been classified into different s;nmetry species of point 
group to which the crystal symmetry belongs; both unit cell and site 
symmetry approaches have been used. It has been shown that under the 
symmetry, the positions of oxygon atoms in|l^i( 0 H 2 )^ complex are not 
compatible with site symmetry (Og) of Ni atom. 0^^ symmetry behaviour has 
consistently been proposed for the conplex. Laser Raman spectra of single 
crystal have been recorded at room temperature in different geometries 
corresponding to different polarizations. ATR spectra have also been 
investigated and discussed. IR ^eotra of microorystalline O^-UiSO^^SHgO 
and its deuterated analogue have been recorded to investigate particularly 
the librational modes of ^0 molecules which, however, appear as very weak 
and diffuse bands at room temperature in Raman spectra. The force field 
constants for librational modes of HgO molecule have been computed using a 
simple model defining the molecule as a rigid harmonic librator. All 
spectra have been observed to be consistent with known crystal structural 
data. 

A summary of the thesis is prosented in the last chapter 
(Chapter 71 ). 
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CHAfTER I 


IIJTEODUCTIOK 


1.1 GENERAL 

The physicochemical properties of a system of particles are 
governed hy inter- and intra- particle interactions. These interactions 
can he of different nature and he understood hy theoretical and experimen- 
tal studies of the dynamics of the particles. Spectroscopic studies 
invoiving ahscrption or emission of electromagnetic radiations, scattering 
and diffraction of particles (photons, electrons, neutronsjetc . ) are the 
most accurate tools to investigate the dynamics of a system of particles. 
Solids are the most conplex systems having different Icindsof interactions 
and large number of interacting particles, hut are of great practical 
inportance due to their wide application in scientific and industrial 
fields. Reasons of earlier slow progress towards the .studies on solids 
had been the lack of required experimental tools and the knowledge of 
modem theories. 

The recent developments in modem theories and availability of 
various machines on commercial basis have encouraged the studies of solids 
on a larger scale during the past few decades. The progress has been so 
fast that enphasis is now being given to more and more conplex systems. 
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The presQit work is devoted to the study of optical phonons in 
(NH^) 2 S 0 ^, and (iC -NiS 0 ^. 6 H 20 crystals with a view to investi- 

gate their lattice dynamics, ferroelectric phase transition (in^former two 
systems) and the effects of hydrogen-hond interaction. Infrared(lE) 
absorption and Raman scattering have been used as investigating tools. A 
brief discussion of various topics related to the present study has been 
mad.e in this Chapter. 

1 .2 DIMAMICS OF A MOLECULE 

The dynamics of H-atomic molecule can be described in terms of 
5 H degrees of freedom (3 translations + 3 rotations + 3 N -6 vibrations for 
a non-linear molecule or 3 translations + 2 rotations + 3 U -5 vibrations for 
a linear molecixLe) ’ . ¥hen such a molecule occupies a position in a 
crystal, all its 3 N degrees of freedom become oscillatory; the oscillations 
arising from translations and rotations of the molecule are known as 
translatory and libratory lattice vibrations, respectively. All these 
vibrations are governed by inter- and intra- molecular interactions, hence 
I are in^joitant to understand the related microsccpic and macroscopic proper- 
ties. As such the dynamics of a molecule or a solid appears to be quite 
conplex but may be described in terms of simple modes of motion known as 
normal modes. 

1.5 NOMAL MOIE 

i 2 

A normal mode (or fundamental mode) has the following properties ’ j 
(i) each atom of the system oscillates about its equilibrium position with 
a simple harmonic motion having the same frequency and phase (ii) the 
relative velocity and the anplitude of individual atom depend on its mass 
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aiod the natiore of motion; fccr internal modes of vihrations they are governed 
in such a way that no resultant translation or the rotation of the system 
as a whole toJces place. 

1 .4 niFMEED ABSOiOPTIOlT 

The IE absorption is a phenomenon involving interaction between 
electromagnetic radiations and matter. To a first approximation, it occurs 
through changes in electric dipolemoment (j^) of the molecular unit arising 
due to its excitation to a higher energy level. It may also occur through 
changes in electric moments of higher order, magnetic moments, etc; however, 
the abscrption throu^ such interactions is generally found to be negligibly 
weak. Prequenc'ij of vibrations in molecules and solids match with the 
energy of IE photons, hence enough informations about the vibrations in these 
systems may be collected from IE absorption ^ectra. 

3 

Coblentz was among the first who made a systematic study of IE 

absorption in I905. Its elonentary theory dealing with vibration-rotation 

^ectra was given by Bjerrum^ in 1914 * Since then a number of theoretical 

5 

and experimental studies have been made on the subject . 

1.5 EAMM SC 4 TTEEING 

Inelastic scattering of oLectromagnetic waves now known as Eaman 

^ T 

scattering was predicted theoretically by Smekal in I925. Sir C. 7 . Eaman 

observed it experimentally in I928. The importance of the phenomenon lies 

in the fact that differences between the frequencies of scattered and 

incident radiations carry informations about the dynamics and structure of 


the scatterer 
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The scattered radiations (excluding Rayleigh scattering) are 
found to have frequencies lower and higher than the frequency of incident 
li^t. The phenomenon in the formac case is known as Stokes Raman scatter- 
ing while in the latter case as anti-Stokes Raman scattering. Two types 
of these events are illustrated in Rig. 1.1. In Pig. 1.1a, the system of 
particles (say molecule) is unexcited initially. An incident photon at 
Vo is absorbed and a Stokes photon at = V - V is emitted simol- 
taneously. To conserve energy the molecule is excited to a hi^er level, 
(say vibrational) of energy hc\l^. If on the other hand, the molecule is 
initially in the excited state (s = hcV^) s-s shown in Pig. 1.1b, an anti- 
Stckes photon at = Vg + emitted alongwith the de-excita- 

tion of the molecule from v=1 tov=0. Since anti-Stokes emission 
depends on the number of molecules being in the initial excited state, it 
is weaker than Stokes emission. 

The modem theories of Raman effect explain the phenomenon in 

0 

terms of creation and annihilation of photons . For exanple in the first 
process (cf. Pig. 1.1a), a photon of frequency Vq = V “ V 4s created 
while one photon of frequency is annihilated resulting in the excita- 
tion of the molectole from v=0 tov=1. Similarly in the other process 
(cf. Pig. 1.1b) a photon of = Vg + 4s created alongwith the 

annihilation of a photon of frequency '^e resulting in the deexcitation 
of the molecule from v = 1 to v = 0. 

Raman scattering is usually weak in intensity, hence a high 
intensity so^lrce is needed for its observation. Por this reason, a 
stimulated interest, in its studies and applications arose only in the past 
decade after the invention of high power and highly monochromatic 
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8 9 

continuous laser sources. As a result several new phenomena e.g. 
stimulated-, resonance-, inverse-, hyper-Raman effects, etc. have recently 
heen observed. 

Raman effect is the result of interaction between electromagnetic 
waves and induced dipole moment (p) hence is fundamentally different from 
IR absorption. Ihe two phenomena are con^jlementary to each other in provi- 
ding informations about the dynamics of a. system. Whether a particular 
mode of vibration would appear in particular type of spectra is ascertained 
by the finite transition probability computed for it using appropriate 
transition moment. 

1 .6 TRANSITION PROBABILITY 

The transition probability depends on the matrix element of 
the transition moment M associated with the transition between final and 
initial states re^ectively described by eigen-functions 
we have 

%!= I'ii.M't.dt ...1.6a 

M can be either of the /tu, p, etc., depending- on the nature of excitation. 

1 .7 IR BAND INT5DISITY 

The transition moment for IR absorption can be given by Etjn. 1 .,6a, 
n = fj- . Thus 

M^i = ...1.7a 

The Einstein coefficient B^^ of thir transition probabdli-ty is related with 
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thro-agh 

= (8 7l^/5ch^). |JU^.1 ^ ...1.7b 

and the intrinsic absorption ccrresponding to a transition between f and i 
states is given by 


dl(V) =- he V dh .l(V ) .dx ... 1.7c 

where V = = (E^ - E^)/hc, is the noinber of absorbing centres per 

unit volume in the initial state, l(V?) is the intensity of light beam at 
frequency V after traversing a distance dx in the absorbing medium and 
dl(V) is the absorbed intensity at the same frequency. Population of 
excited centres, has been considered to be negligibly snail. Eqn. 1.7c 
may also be expressed in terms of absorption coefficient at frequency 

V as 


dliV) = - I(V). Ic^.dx 
where is given by 

On integrating, the Eqn. 1 .7d becomes 


J.w 1.7d 


. . . 1*7® 


I(\?) = Exp (- ... 1.7f 

where is the total incident intensity at frequency V . Eqn. 1.7f is 

1 0 

known as Bouguer's or Lambert's law and may also be written as 




i(vY 


2.303 




X 


• * ft 


1.7g 
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cr in terms of absorbance , as 


•A-d ~ 2.505* " ki ; ~ ^ 


1.7h 


Here E is known as Bunsen Rascoe extinction coefficient 


10 


Since every transition is having some finite width the integrated 
absorption over the full band is regarded to have more significance than 
the peak absorption. The former quantity in its absolute units may be 
defined as 


Ic, 




int •* band 


I (^>) 

log.^ ~7--;- r- d 


X •'band ®10 l(v ; 


2.305 , 

X int 


where 


■^int -^band 


... 1.7i 


... 1 .7 5 


Most of the commercial double beam IR instruments measure the 
quantity l(y)(cf Bqn. 1.7f)j while some have the provision to measure the 
quantity A^(cf Eqn. 1.7h). The confutation of spectra 

obtained on either type of instrumoats becomes conflicated because of the 

difficulties encountered in the measurements of I (V) and /or x. However, 

o 

Afnt easily deduced from the spectra recorded on the latter type of 

instruments. A^^^ is of only relative importance, its approximate value can 
be found by multiplying peak absorptivity with full width at half the 
maximum intensity (FWHMl). ¥e would use this method to estimate in IR 

bands, although, there could be other methods; e.g. counting the squares on 
the graph paper or measuring the area of bands using a planimeter. 
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1 .8 EAT-fiK ailTD IBTENSITY 


The polarizability theory of Eaman band intensity was developed 
11 

by Placzek in 1954 considering that Eaman scattering arises from the 

ground state polarizabilitj'- depending on molecular vibrations. The bond 

12 13 

polarizability theory ’ was discussed in later years. The recent 
developments on this subject have been reviewed by Tang and Albrecht”^^. 

The transition probability for Eaman scattering depends on the 
matrix element of electric polarizability tensor (od). ¥e have 

^-Sa- 


in sin^e crystal studies the intensity of Eaman band is usually 

"1 *5 *1 6 

treated in terms of scattering efficiency S defined as 


S = 


S' 


1.8b 


where N( V? ) is the number of scattered photons of frequency produced 

per unit time per unit cross sectional area of the crystal in the solid 

angle diSl* about the direction of observation and Vg) is the number of 

incident photons of frequency Vg unit time per unit cross - sectional 

16 

area. For ri^t angle scattering and unpolarized light, Smith computed 


5hldin. (Vg- 

2;it<r-c\> 


\ \ ^ 1^1 -Exp (-hci> /kr) 3 


. . 1 .8c 


where V = ~ (E£-E^)/hc and L is the effective length of the crystal 

from which the scattered radiations are received at the slit of the 
spectrophotometer, 0 “is the density of scattering centres, kUthe Boltzmann’s 
constant and T|sthe absolute temperature. 
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The experimentally observed Raman band intensity, which is 
proportional to the related value of S, as such can be of only relative 
importance. Here also the integrated intensity of the band may be consi- 
dered to be of more significance than the peak intensity. To a good 
approximation, the former may be cori5)uted by multiplying the latter with 
the TWEQytt value of the same band. 

To define the depolarization ratio (f), a scattering geometry 
is considered as shown in Fig. 1 .2 where it has been assumed that the 
unpolarized incident light is propagating along c-axis while the scattered 
radiations are observed along a-axis of the crystal. Raman spectra in this 
set up can be recorded Vor scattered radiations polarized (i) in the plane 
and (ii) perpendicular to the plane of scattering, ac. If and 
axe the scattering efficiencies of a mode re^ectively in these two 
conditions then the depolarization ratio for this mode is given by 



1.9 msD saiPEs 


... 1.8d 


Numerous formulae have been proposed to match the IR aibsorption 
17 

and Raman ba.nd shapes . The most commonly used functions for describing 
the band shapes are the following. 


(i) for Gaussian ^ape 

I(V) = I( Vo) Exp “(V- 


1 .9a 


and (ii) for Lorentzian shape 


I(v) = l(Vo) — 


... 1.9b 




Here l(Vo) is the maximum intensity at peak frequarcy ( " 0 ^)^ and a and b 
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are adjustable parameters. In Sqn. 1 .9b, b is such that 2b = MHMI of 
the band. 

The observed band can in general be resolved into indefinite 
number of band components of either shape. However, it seems more reason- 
able to resolve an observed band into as many con^ionents as there are 
cleam indications. The resolution is an arbitrary process to a certain 
extent and hence the resolved bands may have considerable uncertainties 
in peak position, WHMI and the intensity. 

1.10 SELECTIOH RULES 


An allowed transition between f and i states is defined by the non- 
zero value of M^^(cf Eqn, 1.6a). However, in general it is difficult to 
find out the eigen -functions s') of a system, and so the value of 

Group theoretical methods are, therefore, used to predict the zero and non- 
zero values of I't can be noticed that the integrand of equation 

(1.6a) should be totally ssnmnetric for non-zero values of and so for 
an allowed transition between f and i states. 

a. Infrared Absorption 

The IR absorption processes take place through jU.= ei?. Since r 
is a space vector, the product of the symmetry species of “Vf and 
should be the same as that of any component x, y or z of this vector for 
an allowed transition. 

b. Raman Scattering 

This phenomenon takes place through the induced electric dipole- 
moment = OCE; ciis the second rank tensor having bases of represen- 
tation s XX, yy, zz, zx, xy and yz). Obviously, for an allowed Raman 
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transition the product of symmetry ^ecies of and must he similar 

to that of ainy hasis of OL. 

Conclusively, if the initial state is the ground state, the allowed 
vibration in infrared should belong to the species of x, y, or z and for 
Raman scattering to the sfpecies of xx, yy, zz, zx, xy or yz. The classifi- 
cation of noimal modes into the species of symmetry point group^ therefore, 
becomes essential. 

1.11 GLASSIFICATION OF NOETIAL MOLES 

The methods of classifyix^ the normal modes of a free molecule with 

12 1 8—2 0 

or withcfut use of group theory have been discussed by several worfcers ’ ' ~ . 

For crystals the method known as the unit cell approach was suggested for 

# 21 22 

antam and Venkatarayudu , Later, Halford gave a 

25 

local ^Tmmetry approach which was discussed in detail by Homig and was 

proved to give the same results as obtained by the unit cell approach. 

24 

Further, Winston and Halford derived both methods by considering the 

motions of a crystal segment composed of an arbitrary number of unit cells 

25 

and subjected to the Born - VOn Kaiman boundary conditions. The applica- 

15 26-50 

tions of these methods have been illustrated by several authors ’ . 

Both approaches are briefly reviewed as follows. 

a. Unit Cell Approach 

In this approach the problem of classification of modes of tki 
whole crystal (containing n unit cells of K atoms) is reduced to the problem 
of classifying 51^ modes of the unit cell. Such a simplification is based 
on the assumption that atoms or molecules at equivalent lattice positions 
are in the same state of motion without any phase difference. Thus the 
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approach consists in finding the total character representation for the 
unit cell following the usual forniula, 

-XCh) = A± 1 + 2 Cos 1.11a 

Here is the number of inva-riant atoms under a, symmetry operation R 
which could be either a proper rotation (identity or n fold rotation) or 
improper rotation (inversion, reflection or reflection rotation) defined 
by angle +1 and -1 are accounted respectively for proper and inmroper 
rotations. 

The reducible representation with bases as translational, libra- 
tional or internal modes can also be obtained separately using the fcrmulae 

(i) for translational lattice modes 

X (t) = N®(t) [± 1 + 2 Cos ... 1.11b 

(ii) for librational lattice modes 

X(i) = 2 Cos 0^^"] ... 1.11c 

and (iii) for internal modes 

X (i) = XW-[X(t) + Xwl ••• -i-iia 

where A-t) is the total number of both atomic and polyatomic groups while 
Ai) is the number of only polyatomic groups which remain invariant under 
symmetry operator E. The number of modes belonging to a particular 
^ecies can be obtained by reducing the above representations using the 
formula^ 

— X 


« • « 


1.11e 
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where is the number of irreducible representations (corresponding to the 

s 

symmetry ^ecies s) present in a reducible representation. 

"bll. 

are the characters of i class of operators describing irreducible repre- 
sentation (species s) and reducible repre saltation, re^ectively, is the 
order of i"^^ class and h is that of the group of symmetry operators. The 
sum goes over all classes in the point group. 

b. Local or Site Symmetry Approach 

Assuming the local potentials as mainly re^onsible for the 

22 

dynamics of the mono- or polyatomic group in the crystal, Halford 

suggested to classify the normal modes into ^ecies of local symmetry 

point group. It can be done by correlating the symmetry species of the 

point group of 'free* molecular group to those of the local symmetry point 

group. This method neglects the interaction between different groups in 

25 

the same unit cell. Hornig considered such interactions and showed that 
by further correlating the species of the local and the crystal ^rmmetry 
point groups, one obtains the same classification as obtained by the unit 
cell approach. 


1.12 PHONONS 

51 

Phonons are the quantized vibrations or elastic waves in solids . 
They are different from the vibrations of a molecule in liquid or vapour 
phase in the sense that for any excited mode of vibration, the disturbances 
ccnfine only to the single molecule while they propagate in all directions 
in solids. Thus the free vibration of the molecule looses its identity to 
a large extent inside the solid •where it is designated as a phonon. The 
phonon is characterized by discrete phase velocity v^, frequency 
and wave vector q. 
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When all the cell particles excute vibrations in 1h.e same phase 
and with the same amplitude, the phonons generated are called accustic 
phonons* There are only three such phonons defined for a crystal. The opti- 
cal phonons , on the other hand, are characterized by the motions of parti- 
cles in an unit cell without the shift of the centre of mass of the cell. 
There are 5W-5 such branches in the unit cell ha,ving K particles. 

The longitudiml and transverse branches of a phonon are, respec- 
tively, characterized by vibrations of particles along and perpendicular 
to the direction of propagation of a phonon mode. Since the electromag- 
netic radiations are transverse in nature, they can not interact with 
lorgitudinal phonons. Therefore, only transverse phonons can be studied in 
trananission ^ectroscopy. However, in Raman scattering and reflection 
spectroscopy one can study both types of phonons. 

1.15 CONSERWATION LAWS FOR PEOHONS 

The c correct momentum of a phonon (or photon) can be expressed in 
terms of wave vector q(or k) as iiq (or ^lic) . The following conservation 
laws of energy and wave vector hold good. 


k + nG = 2. ± 

i 

and 

hCU = 2 + he '0^ 


... 1«15a 


... 1.15b 


where k and hcV are the wave vector and energy, respectively, of the 

th 

incident photon, and hcT>^ are the corresponding quantities for an a. 
phonon, G is the reciprocal lattice vector and n is an integer. Positive 
and negative signs indicate the emission and absorption processes. 
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re^ectively. Since for IR photon kosO, we have 

nG = 2) i • • • 1*1 5® 

i 

For a single phonon process n has to he zero. Obviously 
k ^ 0 and such process would occur at the centre of Brillouin zone. 

On the other hand for multiphonon processes n = 0, + l^etc. and the 
phonons involved may have finite wave vectors. Therefore, spectra due to 
raultiphonon processes must be continuous; however some structure may be 
observed due to singularities in dispersion curves. 

1.14 YIERATIORiL SPECTRA 

a. General 


The vibrations in solids are governed by net effect of various 

15 

type of interactions leading to the following force field potential 


V = 


V. + 
1 




V. . 

10 


+ V + Y 


ei 


1 .14a 


where Z Y^ represents the sum of internal potential energies of indivi- 
dual molecules in the crystal and may lead to the static field splitting 
(site symmetry splitting), the second term contains all cross terms 
between the internal coordinates of different molecules and may lead to 
correlation field splitting, the third term (Y^) represents the net force 
field potential for external modes, while the last term represents the 
interaction between external and internal co-ordinates and leads to the 
coupling between the two. 


It is apparent from Eqn. 1,14a that Y is a complex function of 

normal modes (^. For the sake of simplicity, Y can be expressed as a 

, . 1 
Taylor expansion , 
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i 


Y 





4,22 

itij 


•%2 

d Y 






+ 


12ZI( 




. .. I.H'b 


Here Y^ is the equilibrium potential energy which may be tahen as zero. 
The second term vanishes as there is no force acting when the system is 
in equilibrium. 


b, First Order Spectra 

First order spectra are those which may be explained in terms of 

sinple haimonic approximation of vibrational modes. The expression 

(Bqn. 1 . 14 b) may be reduced to one describing sinple harmonic motion only 

when Q. , Q., etc. have small amplitudes and the cross-interaction among 
0 

Q* s is negligibly small. To a good approximation, such conditions nay be 
achieved at low ten^eratures. Thus the simple harmonic approximation for 
the vibrations in solids is more valid at low ten^ieratures. Otherwise, in 
general, the ^ectrum may also esdiibit effects which arise due to other 
processes e.g. the second order effects,F©rmi resonance, etc. 


c. Second Order ^ectra 

The second order vibrational spectra arise mainly due to anhao- 
monic part in the expression for potential energy Y, i.e. the fourth term 
in Eq.n. 1.14b, Such anharmonic parts result in the observation of multi- 
phonon processes, enhancemait in bandwidths, etc. The second order effects 
some times lead to more intense bands for multi-phonon processes than those 
for single phonon processes especially where electrical anharmonic ities 
are predominant. 
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d. Static and Go2?relation Field Splittings 

The static force fields around atomic/molecular unit in a carystal 
define interactions when the neighbouring atoms/molecules are in stationary- 
state. The interactions can shift a nondegenerate mode and/or split only 
the degenerate modes into con^jonents of lower symmetry. The correlation 
field interactions pro-vide additional per-turbations and arise due to 
relative motions of symmetrically situated similar atoms/molecules. These 
interactions are responsible for the correlation field splittings. 

e. Fermi Resonance 

Fermi resotence occurs -vtien -two energy levels of a molecule, 
having the same symmetry and approximately the same energy interact with 
each other; in other words when they are accidently degenerate. The 
phenomenon results in the repulsion of two levels and large enhancement in 
the intensity of weaker transition. 

32 

The phenomenon was observed by Fermi for the first time in CO2 

and later by several workers in different molecules e.g, by Adel and 

35 34 ■ 35 

Barker in CH^Cl, by Sarin in CgH^CHO and by us in CgH^Cl# Analogous 

36 

phenomenon may be esdiibitted by solids as observed in quartz . 

Theoretically, if and represent the unperturbed wave 

functions of two states involved in Fermi resonance, the perturbed states 
would be defined by 

'^2 = ^ 2 ^ ^1*'V2 ... 1.l4d 

where and are such that 


2 2 
^2 


1 


1.1 4 e 



18 


and 




\ A + S 1 

a — 

I A- S \ 

I 2A I ’ 

^2 ” 

I 2 A I 


i 


1.14f 


when S = 0, we obtain equal mixture of X and ‘^'2 and when ^ is very- 
large ■^1 '4' ° and *^2' S is the separation he-tween urper- 

ttirbed energy levels while A is that observed between per-tarbed levels. 

\ ! 

The ratio of intensities and of observed tra-nsitions may be 

computed in terms of intensities and of re^ective unperturbed 

57 

transitions from the following equation 


2 2 — / s-i 

^2 a^I^ + a^l2 + 2a^a2(l^l2)^ 


1.14g 


The choice of the combination of signs depends 
element of perturbation potential > 0 03? 

unperturbed overtone (or combination) mode can 
zero. ¥e have, therefore 


on whether the matrix 
C 0. The intensity I 2 of 
reasonably be regarded as 


) 



2 

h 
2 - 

^2 


A+.£. 

Ai-S 


1 . 14 h 


For known values of , I 2 and A , this equation can provide the value of 
f.’ Longitudinal and Transverse Splitting 


The longitudinal and transverse phonon branches of a mode possess 
the same frequencies except in the case of polar mode where the former 
branch has higher frequency than the latter. According to Born and Huang^® 
this happens due to the presence of long range electrostatic interaction. 
Thus large splittings are observed in ionic crystals. 
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The split frequencies are related to the static dielectric 

constant €„ and hi^ frequency dielectric constant <£ through the 
O 00 

relation 


Vi(LO) £ 1 

iV-(TO) ■ ^ 

00 

This relation is known as Lyddane-Sachs-Teller (LST) relation, 
product over i includes every polar raode. 



. 1.1 4i 

Here the 


g. Porhidden Modes of a Hree Molecular Unit in Solids 


ihSL 

The forbidden modes of a free molecular unit may appear inj^spectra 
of solids. It happens mainly because of the distortions in the symmetry of 
units. The intensity of such modes can, therefore, be used to estimate the 
distortions or vice versa. If the distortions are small, the transition 
momsit M^^ (Eqn. 1.6a) would be almost zero for these modes, and the 
corresponding band would be weak; in case of large distortions, the bands 
are expected to be strong. 


1.15 HIDROGM K3HD 

A hydrogen bond exists only when H atom in a molecule or 

crystal comes so close to an electronegative atom B that two atoms estab- 
lish directed link among each other. This type of bond in general possesses 
both the ionic and covalent bond characteristics. Detailed discussion on 
this subject is available in the literature^^”^^ . 

A hydrogen bond results in two main type of shifts^^*^ viz (i) a 

downward diift of stretching frequencies and (ii) an upward shift of 

bending frequencies. Ihrther, in general it is acconpenied by broad 

45 

bands specially in stretching region because of anharmonicity in some 
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part of potential energy function ■vdiidh. gives the strong combination bands 
in neighbourhood of true stretchi 3 : 2 g bands. 

The hydrogen stretching band may exhibit a doublet if the H- bond 

45 

IS very strong . The doublet arises due to double minimum potential along 

hydrogen bridge. The form of potential well along bond has 

befen discussed by Lippincott and coworkers"^^’ with S0tt« illustrations while 

48 

Somorjai and Hornig have discussed the energy levels, wave functions and 
selection rules for IR absorption and Raman scattering. 

1.16 RERROELEDTRICS 

49-59 

Ferroelec tries have widely been discussed in past few de;^ cades 

for their wide applications in electronic devices. Important aspects of 
ferroelectricity are briefly discussed as follows. 

a. General 

The ferroelectric s are a. sub-group of pyroelectrics. The latter 
act as an electric dipole on heating or cooling. A ferroelectric crystal 
possesses spontaneous polarization along a definite direction, which can be 
reversed by applying the electric field; this process is known as hwiicEing. 

The relation between the net polarization and externally applied 
electric field is given by a hysteresis loop. A ferroelectric crystal may 
have regions of homogenous polarization differing only in its direction; 
such regions are called ferroelectric domains. Ferroelectricity disappears 
usually above certain temperature known as transition tenpierature (T ) and 
the crystal becomes paraelectric . 

b. Curie ¥eiss Law 

The dielectric constant 6 of a ferroelectric crystal changes with 
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temperature above T obeying the Curie ¥eiss law expressed as' 

G 


..54 


6 — £ + 


T-1 


1 « l6a 


Here is the dielectric constant at very high temperature, C is Gurie- 

Weiss constant and is the Curie Weiss temperature. 


c. Glassification of Perro elec tries 


A large number of ferro elec tries are known today. To facilitate 

the study, these are classified in foxir different ways depending ons (i) 

the nature of chemical bonds, (ii) number of directions allo'wed to the 

spontaneous polarization, (iii) symmetry of the non-polar phase of the 

crystal and (iv) the nature of phase change. These classifications have 

52 

been discussed and illustrated with examples by Jona and Shirane . However, 
the fourth way of classification is of more importance and almost all 
ferroelectric s can be put in only two classes. 

HijSplacive Type : The crystals in which spontaneous polarization appears 

as a result of induced dipolemoment arising due to relative displacement of 

oppositely charged ions (electric monopoles). These crystals possess the 

4 5 

Curie Weiss constant of the order of 10 -10-^. Examples are BaTiO^, SrTiO^, 
MbO^, etc. 

Order-Bisorder Type ? The phase transition in these crystals involves 
order— disorder phenomenon which leads to Curie— Weiss constant of the 
order of 10 -10"^. The examples are NalT02» 

Recently, the ferroelectric s have been grouped into two categories 
' depending on whether the phase transition occur? through (i) polarization 
■catastrophe^^ or (ii) some other order parameter. The crystals belonging 
to the former class are known as proper ferro elec tries and those belonging 
to the latter class are known as improper ferroelectrics. 
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Improper ferroelectric s were predicted thoD retie ally ty Le-vanyok 
and Sannikov^^. Cross et al^"' studied Gd2(MoO^)^ crystal as the first 
inproper ferroelectric. 

d. Theories of Proper Ferro elec tries 

The occurrence of ferroolectricity can he theoretically understood 
either in terns of polarization cs-tastrophe or a soft mode (a low frequency 
transverse optical phonon) | the two terms are interrelated through LST 
relation, levonshire has discussed the thermodynamical theory of ferro- 
electric s, which may he briefly reviewed as follows. 


The equilihrium structure of a crystal is defined by the minimum 
value of free energy, which depends on several parameters like internal 
stress (x), spontaneous polarization (p) , etc. These parameters usually 
change with tenq)erature (t). Therefore by changing temperature, the free 
energy of the crystal may change in such a way that the condition of minimum 
free energy'" value needs a change in the crystal structure at certain 
temperature (T ) known as transition teii5)erature. This results into a 
crystal transformation. The parameters which trigger this transition are 
known as order parameters. For exan^ile P is the order parameter for the 
phase transition in proper f err o elec tries. 


mansion of Free 


P" ^ 

hevon^ire^ considers the free energy of the 


crystal as F(T, X, P) and for the sake of sin5)licity assumes "that (i) all 
stresses are equal to zero; X = 0 , (ii) polarization vector? is directed 


along one of the crystallographic axes only and (iii) the non-polar phase 

’Z’i 

is centre ^rmmetrical. One has after expansion of P(T, P)^ 


^(TjP) = iggP^ + 


• « • 


1.16b 
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■where coefficients depend on T. To obtain the ferroelectric state, it 


is supposed that 




• • • "1 • i 6c 


I is a positive constant, could he equalj(^or lo-wer than T^. 

Second-Order Transi tion ; If is positive, inclusion of g^ term does not 
change the physics, we have for equilibri-um 


(M) 


S(T-TjP^ + g,p5 


... 1.l6d 


Therefore either 


P^ = 0 


or P^ = + 




... 1.16€ 


... 1.l6f 


Thus for T > T , P = Oj and for T <, T , P has values ranging from zero 
C S C S '-'w 

to some finite value. Obviously transition starts at T = T . 

o c 

In second-order transition specific heat ■v^ temperature may show 

descontinuity at T , but latent heat is zero, 
o 

First Order Transition ; If g^ is negative, the term g^ is retained and 
considered to be positive in order to restrain F from going to minus 
infinity. In equilibri-um we have 




... .l^g 


Therefore either 


I“a 




« • • i * ^ &ti 
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So free energy -woald be minimum for P =0 and for a definite value of 

s 

P . Obviously, the polarization would jun^) from zero to certain definite 

value on decreasing the ten^erature. It may be seen that would be 

less than T . 

c 

The first order phase transitions involve certain amount of latent 

S2. 

heat and a change in dielectric constant in such a way that 


- 1 

6“ - 1 


= 4 


1.1 6i 


where ^ and ^ are the dielectric constants just above and just below 
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Purther, the hysteresis curve just above exiiibits double loop , 
e. Theory of In5)roper Ferroelectric s 

63 

Kobayashi et al have discussed the elementary theory of improper 
ferroelectric s considering the form of free energy expansion as 


p(T,e,P) = b^(T-Tp^©^ + bgSP + b^P^ 


... 1 .l6j 


where 6 is the order parameter whose definition may differ from crystal to 
crystal, b^ , 'b^, b^ etc. are the constants, T^ is a constant temperature 
(a characteristic of the crystal). The behaviour of improper ferroelectric s 
is not very well understood. However, the recent work of Dvorak et al^^ and 

65 

Takagi et al have contributed significantly to an understanding of the 
improper fearroelec tries. 

f. Effects of External Conditions and Isotopic 
Substitution on Phase Transition 


The general featxires of the effects of external conditions such as 
electric field and pressure^etc. and of isotopic substitution have been 


discussed in most of the text books 


51-54 
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The d.c. biasing field promotes the upper transition and corres- 

pondin^y T goes up, where2,as the lower transition temperature, if it 
c 

existed^ goes down. 

The external pressure affects the phase transition in different 
ways depending on the nature of the crystal and the order of phase 
transition^'' . 


The isotopic substitution may or may not affect phase transition. 
Por example^^, (i) KH2P0^ has the transition at 125'’E while KD^PO^ at 215°K. 
(ii) Both the HH^Pe(S0^)2 -ISHgO and ND^Pe(S0^)2*'l2D20 have the transition at 
SS^K. In fact, it depends on the extent of the role played by the isotopi- 
cally substituted atom in triggering the phase transition. 


g. Electro- and Elasto- Optic Effects 

51 

These effects have been discussed in detail hy Kanzig and Patuzzo 

53 

and Merz . Electro-optic effect appears as the change in birefringence 
■idien a crystal is subjected to electric field, while the elasto-optic 
effects appear as ihe change in birefringence when the crystal is subjected 
to the stress. These effects are in^iortant in connecticn with the 
ferroelectric phase transitions which involve a change in the states of 
internal electric field and stress. 

h. Symmetry Aspects of Perroelectriciiy 

A review on the symmetry assets in the theory of ferroelectricity 

66 

has beai published by Shuvalov . These aspects are very important because 
the symmetrywchanges on phase transitions and tiie cry stall cgraplgr of domain 
structure determiiB the properties of ferroelectric s. The knowledge of the 
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symmetry of the initial phase enables us to elucidate the behaviour of 
ferroelectric s and to predict many peculiarities involved. 

i. Units 

Debye ; Debye is the unit of electric dipolemoment. It is equal to the 

dipole moment of a dipole system of two oppositely charged particles of 

10 e.s.u. separated by 1 A from each other. Thus 1 Debye = 10""'^ 

—29 

e.s.u. units of dipole moment (esia. cm) = 1/5 X 10 ^ MES units of dipole " 

moment (Coulomb . metre) 

Unit_of Polarization ; Polarization is the dipole moment per unit volume 
or is the charge per unit area of crystal surface perpendicular to the 
polarization P. It is usually measured in micro Coulomb per cm (/^C/cm ). 


1 jU- C/cm^ = 10 ^ MES (Coulomb/metre^) 

= 5* 1(5)^ e.s.u (esu charge/cm^) 
= ^. 10 ^ Debye/A^ 


1 .16k 


This leads to 


?(in fjJO/cm ) = 


1000 

5v 


1.161 


where v is the volume (in A'’^) and p is the dipole moment (in Debye) of 
the unit cell. 

1.17 ATTEIWATED TOTAL EEPLECTIOK (ATR) SPSCTR0SCC2»Y 

Cn 

The well known phenomenon of total internal reflection defines 
that the li^t travelling from a denser medixim towards the rarer medium is 
totally reflected back (cf Pig. 1.5a) from the interface between the two 
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media ifs (i) the angle of incidence satisfies the condition 

Sin (ng/n^) ... 1.17a 

and (ii) the second medium is non-ah sorbing . Here n^ and Ug are refractive 
indices of denser and rarer media, respectively. However in case of 
absorbing rarer medium, the intensity of reflected light gets attenuated 
and the phenomenon is defined as attenuated total reflection (ATE) . 

6s 

In as early as 1947> Goos and Hanchen showed that there is a 
sli^t displacement of the totally reflected beam in the plane of reflection 
as shown in Pig. 1 .Jb; unlilce the ordinary reflection, the reflected beam 
follows the path shown by continuous line instead of the brocken line. 

They also showed that the beam penetrates to a depth d^ in the rarer medium 
and probably follows the curved path as diown in Pig. 1.5b. 

69 

Newton had explained these observations in terms of attraction 
between light and matter which was assumed to be stronger for denser medium. 
It is now established that this explanation and picture given by Newton, 
although convenient, are incorrect. According to the present knowledge, a 
standing wave (cf Pig. 1 .4a) normal to the reflecting surface is established 
in the denser medium while an evanescent, nonpropagating field in the rarer 
mediTmi. The electric field amplitude of evanescent field decays exponen- 
tially with distance from the aurface as shown in Pig. 1.4b. 

In a case, when the rarer medium is absorbirg, the energy from the 
incident beam is transf eiaed to this medium through its interaction with 
evanescent field. Thus the intensity of the beam gets attenuated. The 
magnitude of attenuation depends on the depth of penetration d (cf 
Pig. 1.4b) and the absorption coefficient of the medium, d^ is defined as 
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-1 

the distance required for the electric field ai(5)litude to fall to e of 
its value at surface and is given by 


X 


d = 
P 


vac 


2 -, 5 


23 rn-| ^Sin - (n^/n^ ) 


... 1.17b 


where is the vacuum wavelength of incident radiation. 

"VB/C 

How if we have an experimental set up to analyse spectroscopically 
the reflected beam, the spectra are seen to exhibit informations about 
absorption charaoteristics of the second medium. Several spectrophotometers 
and accessories useful to investigate such attenuated reflection have been 
designed and fabricated in other laboratories and are also available 
commercially'^^*'^'^ . 

72 

In a Pahrenfort type accessory which we have in our laboratory, 
a hemicylinderical crystal of IE transparent meterial (like KR.S-5». IgCl, 

Ge, etc.) is used as a medium of high refractive index. Pig* 1*5 depicts 
the cross sectional view of rays entering into and emerging out from such a 
crystal. The radius of curvature (r) of the cylinder is kept such that 
it satisfies the condition 


d = ... 1.170 

n ^-1 

where d represents the distance as ^own in Pig. 1 .5 » The sample to 
be investigated is kept in optical contact wiih the plane back surface 
of the hemicylinder. The reflected radiations are arranged to focus on 
the slit of the spectrophotometer for spectroscopic analysis, ^ectra 
thus obtained may be called as iTE spectm. 



29 


It has heen established both experimentally and theoretically 
that ATE spectra should be more or less identical the transmission 
^ectra of absorbing medium if recorded at an angle 6^ greater than the 

criticsl angle (9 ) by a few degrees. However, the ^actra recorded at 

c 

angles 9^ » exhibit bands resembling the specular reflection spectra. 

There is a continuous transition from one type of spectrum to the other 

as crosses 6 (cf Pig, 1.6j. Thus it becomes clear that in order 'to 
1 c 

get transmission like spectra of an absorbing medium, n^ must be suffi- 
ciently larger than rig • 

Attenuated total reflection spectroscopy has some decided 
advantages over normal transmission or reflection methods* The observed 
spectra do not involve matrix bands (e.g, nujol bands in IR spectra). 

The problem like ion exchange, as it sometimes occurs in KBr disc technique 
used to record IR ^ectra, may be avoided. Sang)les, whether they are 
solids, liquids or pastes, can be studied in their natural forms. Crystal 
slabs of normal size can be used, while transmission spectroscopy requires 
slabs of a few micron thickness which are difficult to obtain by conven- 
tional methods. Good ATR ^ectra may be recorded by using samples as thin 
as about 10 microns. Although, there are some outstanding problems e.g. 
to have optical contact between saii5)le crystal and ATR element, the ATR 
spectroscopy has been developing quite rabidly in past few years. 

In this figure 8 . , 8 _ and © , respectively, correspond to the 

C inXH O 3^ C I B ct J C 

minimum, average and maximum values of refractive index (i^) over the 
absorption band. 
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Fig-1.2 An illustration to define depolarization ratio 

?= S|, f S±- For 5„ and S_l, intensity of scattered 
radiations polarized parallel to and 
respectively , are measured. 
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9j<9{~ = Sin ^ (n 2 /n'|) 0j^9^= 5m ^ (n 2 /np 




(b) 



Fig. 1.3 (a) An illustration showing total reflection 
phenomenon, (b) The toally reflected 
beam follows the path shown by 

solid line ( ) instead of broken 

one ( ) . 
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Fig. 1-4 Total reflection phenomenon establishes 
(a) standing wave (Vg) in denser medium 
and (b) nonpropagating evanescent wave 
(Vg) in rarer medium. 




~ig.l.5 Rays of light going in 
and emerging out from 
a hemicylinderical ATR 
element 
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Fig.1.6 Transition from a normal 
absorption type spectrum 
to an anomalous absorption 
type with decreasing 0, • 
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CHAPTER II 

EXPEEIMENTAL DETAILS 


2.1 PUEIEICATIOH CSP SAMPLES 

Conrpoands of analax grade or of high purity were obtained from 
British Drug House (BDH) Chemicals olc Alfa Inorganics for present investi- 
gations. The conpounds were further purified in this laboratory by alow 
evaporation of their aqueous sohiticm in proper thermal conditions to 
ensure the high grade purity and correct chemical structure in case of 

3 

hydrates. Transparent crystals of a few mm size were separated out from 
the material obtained after evaporation. These anall crystals were further 
dissolved to grow large single crystals which were finally used for 
spectral investigations. Deionized distilled water was used to prepare 
solutions. 


2.2 GROWTH OF LARGE SINGLE CEYSTAIS 

Large sin^e crystals of each of the investigated ^sterns were 

grown from aqueous solution of recrystallized conpound. The simple seed 

su^ension or rotating seed technique was eimployed. Both of these 

1 2 

techniques have been discussed in detail by Holden and Singer and Buckley . 
A rotatory crystallizer was fabricated for the latter method. The line 
diagram of the fabricated unit has been shown in Pig. 2,1, This contains 
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Synchronous motor (M) of JO rpm. The motor is fixed rigidly on the upper 
platform of a metal framed hox having three vertical sides of glass-sheet 
and one slidahle perspex sheet. A stainless steel rod (e), which passes 
vertically through a central hole in the upper platform connects the 
motor M to a glass stirrer (s) through 90° gear system G. The stirrer (s) 
has a namber of horizentally projected glass fins which are tilted in such 
a way that the solution is driven little upward "(daen the stirrer is rotated. 
This tilt was found to give better results, probably because it ke^s the 
solution homogeneous. The temperature inside the box is observed to varj'* 
at the maximum by + 2® in the air-conditioned laboratory. 

; 2.3 CRYSTAL CUTTING AND POLISHING 

Crystals for present investigations were prepared by adopting the 
following procedure. The crystallographic axes were first identified by the 
morphology of crystals and later were confirmed by X-ray diffraction (Laue 
pattern) method. Crystal pieces of orthorhombic shape (having sides 
parallel to the crystallographic axes) and appropriate size were cut from 
the grown crystals on a crystal cutting machine. These pieces were polished 
over a polishing kit; polishing powders of 302 ^, 3^3 and 3*^5i grades, 
obtained from British Amecican optical conpany U.S.A. were used in succes- 
sion with CCl- drops. Por final finish, the crystals were polished with 

Zj. 

finest alumina powder and glycerine. Once again the Laue patterns were 

I 

photographed to ensure the coiu^ectness of the determined crystallographic 


axes 
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2.4 INFEMED IHSTRUiyiEHT AKD ACCESSORIES 

a. Instrument 

Infrared spectra were recorded on the Perkin Elmer-521 double beam 

3 

grating spectrophotometer which works on the principle of optical null 
method. The optical ray diagram is depicted in Fig. 2.2. Kernst glower is 
used as a source of infrared radiation and a hi^ ^eed sensitive thermo- 
coufle fitted with blackened gold leaf and CsBr lens, as detector. The 
instrument employs two plane gratings and isounted on a common base 
facing back to back. G^ has 100 lines/mm and is used in its first and 

second orders re^ectively in the regions from 65O to 2000 cm and 2000 to 

-1 

4000 cm ; G2 having 25 lines/mm is used only in first order in the regicn 
of 250 to 630 cm . Automatic adjustment of interference filters have been 
provided to avoid radiations from unwanted orders. To scan high quality 
spectra the instrument has been provided with several adjustable parameters 

e.g. slit width, gain, scan speed, etc. The resolution of the instrument 

-1 -1 -1 

is 0.5 can at 1000 cm with a reproduction of + 0.5 cm with slit width 

410 microns. 

b . ATR Accessary 

The line diagram of Fahrenfort'^ type ATR accessary obtained from 
Perkin Elnnr Corpomtion is shown in Pig. 2.3. The principal part of the 
accessary j_s hemi-cylinderical crystal (CRY) of KRS-5 (Thallium 
bromide iodide) 1 . known as ATR element. The refractive index of KRS-5 is 
2.57 nt 1000 cm ^ vhich remains almost constant in the con^plete working 
range of PE-521 instrument. Crystals of Ge, Si and AgCl having appropriate 
size are also used instead that of KES-5* Mirrors and M2 are rigidly 
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fixed, while and move on carriages and iiTR element rotates about its 
vertical axis. The geometry of the accessory is sach that radiations after 
reflection from mirror always get focussed at the slit of the spectro- 
photometer. The accessory in its best conditions is reported to have about 
55^ transmittance? however, we observed only about 27fo. 

c. Low Tenperature Cell 

Spectra at low temperatures were recorded by miounting the pellet 
or the KBr/lgCl window on which polycrystalline film was deposited in^side 

5 

the cold finger block of the conventional ¥agner-Homig type cell (cf Pig. 
2.4). The cell consists of a double walled reservoir (for coolant like 
liquid nitrogen) and an evacuable cell fitted with CsBr windows. 

Copper-constantan thermocuple was attached to the centre of one 
side o£ the cold finger block. One end of the thermocouple was dipped in an 
ice-water mixture. Thermo e.m.f. was measured by a milli-voltmeter which 
was calibrated to read the temperature of the sanple. The temperature WftS 
controlled by cooling the cold finger with liquid nitrogen and simultaneously 
heating the same electrically by controlled current in a, nichrono coil 
wound around the kovar tube (cf Pig. 2.4 )• Both temperature stability and 
accuracy of its measurement cculd be maintained within + 2°C. 

2.5 SCM OP IE SPECTEil 

To get an adequate IE spectrum of ajo- inorganic compound is diffi- 
cult because of two main factors* (i) the highly absorbing nature and (ii) 
long range electrostatic interaction exhibited by such conpounds. The 
former factor almost makes it impossible to record transmission spectra 
because of technical difficulties in getting the required thin ^eet of the 
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single crystal, while the second one nakes the spectra to depend on the 
shape, size and environment of the sample. Recently attention has, there- 
fore, been paid towards the development of secular reflection and attenuated 
total reflection techniques^’ and their application to the study of the 
IR spectra of single crystals. However, there are several limitations and 
difficulties in employing these techniques e.g. li) the former technique 
needs sufficiently large size plane polished crystal and the recorded 
spectra exhibit very poor resolution and characteristic shift in band 
positions by several wave numbers and (ii) the latter technique requires 
optical contact between the sample crystal and AIR element, which is an 
outstanding problem to get more reliable spectra. 

In this laboratory we have used ATR technique to record IR spectra 
of single crystals while mull, pellet and low scattering microcrystalline 
film techniques for powdered sanples. 

a. ATR Technique 

The crystal to be inve stigated using ATR technique is cut to an 

appropriate size. The space provided for the sample with the accessory can 

accommodate a crystal of largest size: I 9 nim in length, 8 mm in breadth 

g 

and 2 mm in thickness . However, adequate ^ectra are stated to have been 

9 

obtained using only, effective sainple area of 0,2 mm x 0.7 mm. The largest 
faces of the sanplo crystal are rubbed with fine polishing powder with 
suitable liquid like CCl^ in our cases'to get uniform thickness. One of 
these faces is polished following the method discussed in section 2.3 to 
get hi^ degree of planeness. The hi^ly polished face is kept in contact 
wi^vthe plane face of ATR element and li^tly presseii by tightening the screw 
over the pressure plate. The spectra are then recorded at desired angle 
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of incidence "between the available range 25° to 65°. 

b . l^Sill Technique 

In this technique the solid sample is ground into a fine powder 

and then dispersed in a mulling agent to get a slurry or mull. The 

commonly employed mulling agent is the nu^ol (high boiling fraction from 

petroleum). Other mulling agents include hexachlorobutadiene, perfluoro- 

i 0 

kerosene (fluoroldbe) j etc. The absorption bands of nujol are found 
at 2915> ’I462, 1376 and 779 c® * I® "tii® present investigations we have 
also used nujol of extra pure quality as the mulling agent. In order to 
minimize its absocption nujol was also used in the reference cell. Plane 
polished CsEr windows were used in boih sample and reference cells. 

c. Pellet Technique 

This melhod involves mixing a fine powder of the sample with a 
suitable matrix material (e.g. alkali halides) and pressing the mixture 
into a transparent disc. 

We used dry KBr of analar grade to prepare pellets of our samples; 
fine powder of KBr was heated at about 100°C in a furnace for few hours 
before use. Pellets were prepared in a pellet making die which was connec- 
ted to a vacuum pump to get more transparent pelh ts of uniform thickness. 

In some cases mull and/or pellet techniques may provide 

inadequate ^ectra as a result of the effects arising due to several 

physical and chemical factors which have been discussed and reviewed by 
11 

Puyckaerts . Attention was, therefore, paid to ensure the correctness 
and adequacy of Ihe ^ ectra recorded by usi3ig these techniques. 
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d. Low Scattering Microcrystalline Him Technique 

Though the microcystalline film technique is a. simple one hut is 
not very common in practice. In this technique the finely powdered sanple 
is spread uniformly on a plane plate of alkali or silver halides. Few 
drops of suitable organic liquid of hi^^ V£^our pressure like CCl^ are 
used to wet the powder. The wet powder is subjected to idle uniform presaire 
applied gently through a plane glass plate which is kept in slow sliding 
motion. The glass plate is eventually removed and the organic liquid is 
allowed to evaporate coiipletely. 

2 .6 CilLIHRATION IN IR REGION 

. The calibration of the spectrophotometer was checked by using 

-1 

rotatioral bands of atmo^heric water vapour beLcw 600 cm and fine 

1 2 

structure lines of COg and HCl (vapour) . In rest regions lines of 

indene were recorded. The accuracy of reported frequencies varies between 
-1 -1 

+ 2 cm for sharp bands and + 10 cm for diffuse and broad bands. 

2.7 EAM^iN INSTRIMENTS MB ACCESSORIES 

Raman spectra were recorded on spex model-1400 Raman spectrophoto- 

13 

meter . The optical ray diagram of this instrumait is shown in Pig. 2,5. 
The grating double monochromator acts as disperser. The square size grat- 

O 

ings (102 mm X 102 mm) have 1200 lines per mm and are blazed at 5000 A. 

The gratings are driven by a sine-bar arrangement which yields a spectral 

output with wavelength as a linear function of drive screw rotation. The 

0 

scanning i^eeds may be varied between 0,12 and 2300 A/min. The bilateral, 

O 

curved slits may be used up to a height of 50 mm; the resolution is 0.08 A 
0 

at 6528 A. The wavelength counter mechanism is stated to be accurate to 
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1 A and to "be re^roduci'ble to 0.2 A over a 6000 A wavelength interval. 

Argon ion laser model 52 (Coherent Radiation Laboratorj") taned at 

O 

4880 A was used as a source of excitation. Interference filterswere used 
to avoid plasma lines. 

Eiyn;--6256s photomultiplier and photon counting detection system 
were used to detect the scattered radiations. 

2.8 SCM OR RAMAN SPECTRA 

Crystals used to record their Raman spectra were prepared by 
following the procedure discussed in section 2.5* The crystal to be 
investigated was mounted on a goniometer for better adjustment of its 
orientation. The correct knowledge of the orientation of ttie crystal is 
very important as it directly indicates which of ihe components of polari- 
zability tensor changes during vibrations, producing a particular 
^ectrum. The form of the scattering tensor can be predicted for a 
vibration of any given symmetry by standard group theoretical methods. 

Loudon”'^ has listed the scattering tensors for all 52 point 

1 5 

groups. For an uniaxial crystal Kedungadi has ^own that 27 different 
types of Raman spectra may be obtained with transverse scattering of 
which only 12 are relatively important. However, the minimum number of 
geometries needed for the complete study of Raman tensor depends on the 
symmetry of -the crystal or the number of independent conpionents of Raman 
tensor. 

A given conponent of the scattering tensor oC naay be determined 
experimentally by arranging the geometry such that the incident li^t is 
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polarized in the x-direction and the scattered li^t in y-direction. 

For exan 5 )le the geometry in Fig. 2,6 allows 1he determination of phonons 
having xy polarizability characteristic. 

16 

Porto and coworkers have initiated very useful notation for 
defining the geometry used in recording a particular spectrum and in 
describing polarizability characteristic of the same. Four symbols, two 
inside parenthesis and two outside, describe the pertinent escperimental 
parameters. For example in x(yz)y two outer symbols x and y denote the 
directions of propagation of incident and scattered li^t, re^ actively, 
■while the inner symbols y and z indicate that incident li^t is polarized 
along y-direction and scattered one in 2 >-direction. Further, these 
symbols in -their combined form 3 rz indicate that conponent of 

polarizability tensor changes to produce scattered radiations which are 
recorded. In such notations geometry is always assumed to be 90° 
scattering -unless otherwise specified. 

Fig. 2.7 depicts 12 different geometries used by us to record 
Raman ®ectra of a single crystal. The thick vertical arrow (in each of 
the six illustrations) represents exciting laser beam propagating parallel 
to the crystallographic axis marked near the arrow head. The horrizental 
thin line represents the scattered radiations comming out of the crystal 
parallel to the crystallcgraphic axis marked near its arrow head. The 
lines -wi-th double arrow heads represent the state of polarization of the 
exciting and scattered light. These six illustrations as such define 
scattering geometries b(aa)o, a(cc)b, etc., involving only diagonal 
components of OC . The starred arraxgements b(ab)c, a(ca)b, etc. 
involving off-diagonal components of ^ can be obtained by rotating the 
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analyzer by 90° from its re^ective positions in b(aa)c, a(cc)b, etc. 

2.9 CiiLIBEilTION OP EMM SPSCTEA 

The wavelength scale of Raman spectra of (]!iE[^)2S0^ was corrected 
for its constant error by measuring the Stokes and anti-Stokes bands in 
their lattice mode region. In cases of (KH^)2BeP^ and ot-NiSO^.bH^O 
crystals, the calibration of Raman spectra was made using the sharp lines 

O O 

of neon discharge in 4880 A to 6000 A region. 

2.10 REUTERilTION OP THE HTDEilTBD CQMPOTMDS 

The hydrated compound was first heated in a fiarnace at a tempe- 
rature where it looses its whole content of water of hydration. The 
dehydrated coinpound thus obtained was taken out of the furnace and trans- 
ferred soon into a dry flask. This flask was connected to a vacuum system 
at P2(cf Pig. 2,8) as soon as possible. Every precaution was taken to 
avoid the absoption of atmo^heric water by the sample. 1^0 was 
transferred into this flask from one connected at P^ using vacuum disti- 
llation method. After the anhydrous compound got dissolved completely in 
D20> "the latter was evaporated and transferred to another flask at P^ 
again by using vacuum distillation method; the sample flask was kept at 
an appropriate temperature during this process to ensure the correct 


chemical structure 
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Fig - 2 -5 Optical diagram of the spex model 
1400 double monochromator • 



Fig-2.6 Excitation geometry, y (xy)z . 
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Vacuum arrangement used to prepare deuterated analogue 
of hydrated samples- 
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Ca4PTER III 

OPTICAL PHONONS .INL PEEEOELBCTRIC PH/^SE 
TRANSITION IN (NH^)2S0^ CRYSTAL 

A3STEACT 

A brief review of up-to-date studies on (NH^)2S0^ is 
presented in the introductory part of this Chapter. The 
dynamics of the crystal has been described in terms of 180 
phonon modes under the unit cell approximaticai. The classifi- 
cation of these modes has been presented using both imit cell 
and site symmetry approaches. 

Laser R 9 ,man spectra have been recorded in different 
geometries corresponding to six different conponents of polari- 
zability tensor. The observed ^ectra have been comprehensively 
* 

analysed . It is inferred that the force fields desribing the 

dynamics of crystallographically inequivalent NH‘t(l) and IffitCll) 

4 4 

ions are not too different to produce distinguishable spectra. 

Strong Permi interactiai has been observed between V), fundamaital 

5 

and " 1)2 + modes of NH^ ion. The translational 

modes of NH^ and SO^" ions exhibit strong Raman bands between 

^Presented in the Indo-Soviet Conference on Solid State 
Materials, Bangalore (1972). Proceedings to be published. 
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-1 -1 

207-174 cni and 75-38 cm , respectively. Librational 

modes of ions have been unambigaously assigned to 

-1 

weak Eaman bands around 557 cro • Indications are obser- 
ved for the existence of proton tunneling in the double 
minimum potential along IS-E. ..0 hydrogen bridge. 

IR (ate) ^ectra of single crystal of 
have been reccrded for the first time. The important 
features of these ^ectra have been discussed. 

The IE and Raman spectra of microcrystalline 
(IIE^) 2 S 0 ^ in its both paraelectric and ferroelectric 
phases have been investigated in order to make compara- 
tive study of phonons in the two phases. The observed 
spectra are found to be consistent with the known crystal 
structure of (NH^) 2 S 0 ^ in reject! ve phases. 

The temperature dependence of integrated ihtonr- 
«itj/ of three theimo- sensitive IR bands has- been 
investigated. It has been inferred that ferroelectric 

A 

phase transition near 225 °K in (KH^)pSO^ is primarily due 

2 - 

to aiddan distortions of SO^ ion which has almost 
tetrahedral symmetry in the paraelectric phase 

A point charge modef^ has been developed to compute 

=» + 2 - 

the spontaneous polarization P due to KS^ and SO^ ions 
in the crystal. The computed value of P (0.42^C/cm ) 

** Published in Ghem. Phys. Letters 22 . 572 (1975)‘ 

Published in Physica Status Solidi 62(b) , 295 (1974). 
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agrees well with the experimentally known values from 
other studies. The nature of phase transition has hesQ 
critically discussed. 

In view of the present investigations and other 
experimental facts known about (iIH^)2S0^ crystal, a 
critical discussion has been made on the existing theories 

JL 

of transition in this crystal . 

5.1 liEROLnCTIOH 

Ammonium sulphate, a naturally occurring material known as 

mascagnite, is colourless confound having molecular wei^t I52.I4 and 

^ecific gravity I.769 (at "^300“ K) . It is hi^ly soluble in water and 

1 

insoluble in alcohol, acetone and ammoniaj it dissociates at 255°C • 

2 

Crenshaw and Ritter inferred for the first time from the tempe- 
rature dependence of specific heat that (KH^)2S0^ undergoes a phase 

transition at 225°K;. From the study of dielectric properties, Mitthias 

3 

and Remeika later proved this transition to be ferroelectric in nature. 

The crystal ha,s, therefore, been a subject of numerous studies in order to 

4-1 1 

investigate its crystal structure and several macroscopic 

properties^’ and microscopic phonomena'^'^ The investigated 

2 12—18 

macroscopic properties include the study of thermodynamic ’ 

dielectric^’"*® and elastic^"^ properties, electrical conductivity^®, 

optical constants'^"* and birefringence^^ The studies of microscopic 

44—49 50—55 56 

phenomena provide informations about NMR DMR , DIJR , NMR line 

+ A part of this discussion has been accepted for publication in Solid State 
Communications . 
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width, transition^^’^^ and its correlation, with. IE ahsor^tion^"^’^^ proton^"^ 

jT T cr jr 

and deuteron relaxation tines, electric field gra,dient tensor of 

49~51 59 60 55 61 

ions , defects in gama irradiated crystals ’ , dcmain structure^^* 

thermcl'aninescence'^^ , microwave absorption^^, IE absorption^^’^”^ 

Eaman effect^"^ and neutron inelastic scattering^'^"^*^. 


There aro several phenomena yet to be carefully investigated to 
understand various characteristics of (HH^)2SC^ and we undertook the study 
of phonon ^ecte, and their temperature dependence for the following reasons. 

(i) Studies of phonon ^ectra of (lJH^)2S0^ reported to-date either do not 
cover the couplets range of phonon frequencies or their results are poor 
in quality. Further, these studies have not been conprehensively discussed 
■which is of vital inportance for the better -understanding of phonons and 
their related phenomena. 

(ii) The Eaman ^ectra of a single crystal, in conparison to those of 
microcrystalline form, provide better understanding of ihe dynamical 
properties of a crystal. However, such s'tudies are not available for 
(HH^)2S0^ crystal. 

(iii) Two different viewpoints have been proposed in relation to the 

microscopic phenomenon involved in the phase transition,— the one 

11 

proposed by Schlemper and Hamilton emphasizes the importance of hydrogen 
bonds in "triggering the phase transition, while the other, proposed by 

55 

O'Eeilly and Tsang , relates the transition with order- disorder phenomenon 
invol-ving permanent dipole moments associated wiih HH^ ions. However, 
none of these viewpoints explains well the various properties of the 
crystal (as would be discussed later). Thus Ihe microscopic mechanism 
involved in the phase transition is still not well understood. A'ttempts 
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have heen made in this direction by Schutte and Heyns^"^’^^ and Torrie 
77 

et al investi^ting the temperature dependence of phonon ^ectra of 

(lffil4)oS0.. The former authors dcowed that their results were consistent 

*-r ^ 4 - 

11 

with crystallographic data reportea by Schlemper and Hamilton and thus 

77 

supported their viewpoint, while Torrie et al tried to establish the 
consistemy between their results and the viewpoint proposed by O’Eeilly 

55 

and Tsang . One finds, therefore, two contradictory explanations of 
IE. and Haman ^ectra recorded at different temperatures. In order to have 
most reliable explanation , it is worthwhile to carefully repeat such 
inve s tigat i ons . 

(iv) The reported literature presents several controversies both in 

experimental observations and their interpretations. For examples (a) 

some investigations reveal that the dielectric constant in paraelectric 

12 

phase does not depend on temperature , while on the contrairy it exhibits 

27 

weak temperature ciependence in the range of T and T + 50° end obeys 

c o 

29 "50 47 

Curie Weiss law . (b) Miller et al ' interpreted their IffiE data diowing 

that the phase transition is not acconpanied by co-operative reorientation 
of Hnt ions ^ile O'Reilly and Tsang^^ made an otherwise inteipretation 
of their DMR data. It can, however, be hoped that the present study of 
phonon spectra and their temperature dependence can dispel at least 
of such controversies. 


3.2 CRISTAL STRUCTURE 


The crystal structure of (l3H^)2SO^ is isomorphous to those of 
91 

i^SO^, Eb2S0^, Cs2S0^, etc. at room tanperature. It has been investi- 
gated using diffraction of X-rays'^"®* electrons^ and neutrons*' 
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Tetranolecular unit cell of the crystal at RT iDelongs to orthorhomlic system 
16 

having space group synmetry. The ferroelectric transition at 

223°K leads to a change in its structure which has been exa,mined using 
10 11 

X-ray diffraction and neutron diffrejction methods. It has been found 

Q 

to belong to orthorhombic system having Ci (Pna2. ) gpace groi^) symmetry. 

12 

The unit cell dimensions as reported by Schlemper and Hamilton 
are given in Table 3»1 which designate the crystal axes in the order of 
b > a>c. Those notations would be used throughout this chapter. 

The microscopic structure depicting the atomic arrangement in the 
unit cell projected in (001) plane is dicwn in Fig. 3*1 fo2? both phases. 

The cell contains two distinct sets of four ions. These sets are 
designated as NH^(l) and and are marked by I and II symbols, 

re^ectively, in the figure. For hie convenience, different atoms 
(0,S,1I and H) have been shown by circles in order of decreasing size (not 
to be related with their atomic sizes). 

In paraelectric phase (of Fig. 3*''A) and SO^ ions form a 
planar arrangement in (001 ) planes separated fron each other by c/2 lattice 
distance. Atoms represented by blank and filled circles are considered to 
be located on (001) mirror planes at c/4 and 3c/4 heights, re^ectively, 
from the base of the cell. The line- shaded circles denote pairs of 0 or 5 
atoms which get interchanged wihi each other under mirror symmetry ( 
operation. In ferroelectric phase this mirror symmetry vanishes with minor 
changes which are apparaat in Fig. 3»"1B* 
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3.5 PHOIDN BEANCHES IN THE CRYSTAL 
The dynamics of (NH^)oSO, crystal containing 60 atoms per imit 

If. c. 4 

cell can be described in terms of 180 phenon branches (177 optical + 5 
acoustical) under the unit cell approximation. These branches arise from 
different ncrml modes of constituting ions; and SO^ . 

Boti the and SO^ ions are the five atomic AB^ type perfect 
tetrahedra in their free state. AB, tetrahedron exhibits four frequencies 
for nine internal modes as defined by Herzberg by ihe notations; 

(the totally symmetric stretching), \)2 (the doubly degenerate symmetric 
bending) (the triply degenerate ant i- ^mmetric stretching) and 
(the triply degenerate anti- symmetric bending). The former two modes 
belong to and E ^ecies, respectively while the latter two belong to 
species of T^ point group. These modes are shown diagrama tic ally in 
Fig. 5.2. The external degrees of freedom i.e, rotations (l) and transla- 
tions (t) form the bases of F^ and irreducible representations, 

92 

respectively . Since only A^ , E and Fg species are Ramn active and F^ 
species axe infrared active, 1 are forbidden in both these spectra and the 
and VJg are forbidden in IR spectra. 

5 .4 CLASSIFICATION CF PHONONS 
a. Unit Cell A.pproach 

The classification of 180 phonons using the unit call approach 

has been worked out in Table 5*2 for the room temperature phase of the 

crystal. The number of atoms found invariant under different operations 

of point group are given by (cf colxnm 1 of the Table). The 

11 

crystallographic data reveal that 60 atoms remain invariant under E while 
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only 56 under mirror symmetry and none under other operations. 

Considering each of the polyatomic 10ns EH^(ll) and SO^ as 

single particle, the number of invariant particles are found to be 12 under 
each of the B and <3^^ operations. Since there is no atomic ion, number 
of invariant part-icles account for the external translatory 

vibrations would be equal to F" (l) the number of invariant polyatomic units 
to account for the libratory external vibrations. Using these values of 
F®, H®(t) and I®(l) thus found we computed the reducible representations 
'X(h) = irX± 1 +2 Cos0g), ^t) = H^(t).(+1+2 Cos0j^) and '>'(1) = fr^(l). 

(1+2 Cos 0 jj^). All the 1-80 phonon modes form the bases of ')i(F) while 56 
translatory and 56 libratory external modes of TtCt) and XU), respectively. 
Reduction of these representations into irreducible representations of 
Ugh group provides number of phonon modes belonging to different 

species. A similar classification for 180 modes has been presented in 
Table 3»3 for the ferroelectric phase of the crystal. ¥e note that no 
atom remains invariant under any operation (except b) of Cg^ symmetry of 
this phase. 

b. Site Symmetry Approach 

All the three and SO^ tetrahedra in the crystal 

of (HH^)gSO^ occupy C^( CT^-^) sites in its paraolectric phase while sites 
in the ferroelectric. The correlation schemes deduced for different 
species of T^, ®2h groups and T^, 0^ and Cg^ point 

groups are given in Tables 5.4 and 3 * 5 f re^ectively, for the use in 
classifying 180 phonon modes in paraelectric and ferroelectric phases. 

The symmetry species and number of phonons arising from a definite mode 
of or SO^ ion have been summarized in Table 3*6 and 3*7 

for paraelectric and ferroelectric phases, respectively. 
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5*5 ths iOMs OP mm tensor components 

The Ramn tensor components of the Raman active species A , B, , 

§ ^ 

and B^^ of the symmetiry group D2j^ to which the crystal of (M^)2S0^' 
"belongs at RT have the following form'^ 
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It shows that all the six coirponents of the symmetric polarizahility 
tensor are independent. Six different ^ectra having characteristics of 
these conponents would, therefore, he sufficient to describe the Raman 
active phonons in the crystal. 


3.6 EXPERn'fflNTAL 
a. Growth of Single Crystal 

5 

Single crystals of (NH^)2S0^ of a few mm'^ size can be obtained "by 
simple method of slow evaporation of its aqueous solution. However, methods 

of growing large single crystals of (l 3 H.)pS 0 . are not sinple and have been 

94 95 96 

discussed by Mullin et al , Petrenko , and Godard and Brasko . The 

former method needs unwieldy amount of solution while ihe latter two need 

very precise control of the temperature. "We, therefore, tried the rotating 



66 


seeds teclmique for which a rotatory crystallizer was fabricated in this 
laboratory (cf section 2.2). A good single crystal of about 1.5 x 2 x 4 cm^ 
size could be obtained in about a month. Ihe crystallizer was kept at 
ambient teii5)erature varying at the maximum by + 2°C. Better crystal was 
obtained when the crystal seed was rotated with JO xpm rather than 15 . 

b. Determination of Crystallographic ^Ixes 


The crystallographic axes were first identified by using the 

97 

knowledge of crystal morphology and were later confirmed by X-ray 
diffraction (Laue pattern) method. The existence of perfect cleavage 
along (lOO) plane of the crystal helps considerably in fixing the axes. 


c. Scan of Eaman Spectra 

Raman spectra were recorded in twelve different geometries ( 90 ® 

% * o 

arrangements cf Pig. 2.7) using 4880 and 5145 ^ ioi^sicn lines from an argon '' 
ion laser as source of excitation and sin^e crystals grown from 

aqueous solution as well as purchased from Semi Elements Inc. Spex-1400 double 
monochromator was used to investigate the scattered radiations. Details of 
recording the spectra have been discussed in section 2,8. 


Raman spectra were also recorded for the single crystal of (lJH^)230^ 

below its transition tenperature by using the low temperature Raman cell and 

liquid nitrogen as coolant. However, the crystal shatters so vigorously 

that no polarization effect was observed. Therefore, ^ectra recorded for 

such shattered crystal both at and JOO^K have been treated as of 

microcrystalline samples. The observed spectra show good similarity with 

77 

those reported by Torrie et al for microcrystalline samples supporting our 
c onsiderati on . 
d. Scan of 1& SccCiza 


ATR technique (cf section 2.5a) was used to record lE ^ectra of 
single crystal. A csrystal piece of appropriate size, was properly polished 



67 

and kept in contact with the ^JL element of the accessory. The facing 
plane of the crystal was identified to be (100). ^eotra were recorded at 
different angles of incidence. 

IE spectra of microcrystalline sanple were recorded by using 
mjol mull, KBr pellet and low scatterixjg film technques discussed in 
detail in section 2,5. The low scattering film was prepared on AgCl plate 
and was used to record ^ectra both at ET and LT. Spectra at different 
temperatures were recorded in selected regions in which extra-thermosensi- 
tive bands are observed. The teii?)erature of the sanpile was.centr^ded and 
monitored as described in section 2.4c. 

All IE spectra were recorded •n PB-521 ^ectrophotometer in 

-1 

250-4000 cm range. 


3.7 EESDLTS m> EISCUSSIOE 
I. EAMAU PHONOKS IN SINGLE CHTSTAL 


a. Observed Spectra 

Out of the twelve Eaman spectra recorded for the single crystal 
of (NH^)2S0^, the two having the same polarization characteristic but 
recorded for different geometries (e.g. b(ab)c and a(ba)o) were found t# 
be identical, as expected. Thus only six different ^ectra were •btained 
whose representatives are shown in Eigs, 3 *4? the spectra in ihe 

..-I 

former figure cover the region (34OO-4OO cm ) of the internal modes of 
NhT and S0I” ions, while those in latter cover the region ( 400-20 cm ) 

of the escternal modes of the crystal. In these figures aa, bb, co, etc. 
denote the polarization character of the spectra iJhile A^, etc. 
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denote the corresponding symmetry species of point group. The number 
over each band are the frequencies of Eaman shifts in the units of wave 
number 4 cw"* ) . 

In the h-H stretching region (2600-5400 cm ) of Pig. 3*5» "tlie 
dotted curves are ihe manually resolved bands having Lorentzian ishapes. 

The frequencies of band peats of their resolved structure have been measured 
and marked. It may be noticed that the spectrum of ab polarization 
(giving species) is in lower expanded scale of frequency. 

In Pig. 5*4 the spectra shown by dotted lines are on more expanded 
frequency scale (almost double of the regular spectra) . 

b. Prequency, Width and Intensity of Bands 

Appendix 3 ‘I provides frequency (V), the relative integrated 

—1 

intensity (l, in parenthesis) and the width (PWHMI, cm ) of various bands 

-1 

of observed ^ectra. The values are accurate within + 2 cm for well 

developed sharp bands. The frequencies of manually resolved or broad bands 

-1 

may have uncertainty as large as + 10 cm . The I values were first 

determined by multiplying the corresponding PWHMI value and peak intensity 

of bands. These values as given in the appendix are relative with reject 

to an arbitrarily chosen value 10 for the intensity of the band due to 
s -1 

\?^( 451 cm ) and are computed separately for the spectrum of each , 

polarization. The errors in I values lie within 5^ for well developed 
strong bands but within 20^ for -those having weak and/or diffuse structure 
or obtained after resolution. 
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c. Assignments 


Our assignments for otiser-ved Raman shifts both for single and 
multi-phonon processes are given in Table 5*8. The average frequencies 
of assigned modes are given in column 9 of this table. The 
values of single phonon processes have been used to conpute frequencies 
of multiphonon processes which are given in column 10. 


A critical examination of observed spectra reveals that force 

fields governing the dynamics of NH^(l) and 111^(11) are not too different 

from each other to produce distinguishable ^ectra, although they are 

crystallographically inequivalent. Therefore, modes of these ions 

have not been assigned separately. Por the simplicity of discussion 
+ 2 - 

modes of and SO^ ions have been distinguished from each other by 
using superscripts n and s re^ectively. 

+ 2 - 

Internal Modes of and SO^ Ions* These modes have been assigned on 

the basis of the knowledge of their frequencies in free state of and 
2 - 

SO^ ions as quoted in Pig. 5*2. 


The sharpest band is observed in each ^ectrum for V^(976 cm ) 

having PWHMI of about 6 cm \ This mode appears as strongest band in 

aa, bb and cc polarized spectra but shows remarkably low intensity in 

other polarizations. This indicates that the associated mode is hi^ly 

polarized and thus supports our assignment. All modes are group 

theoretically allowed in the ^ectrum of each polarization except the 

and which have only one A^. and one components allowed in 

Raman spectra. The weak bands at 976 cm observed in spectra of B^^ 

and B^ modes, therefore, arise due to spiUover of strong A bands as a 
2g ' ’ g 

result of possible error in -the scattering geometries. 
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The assignment of and inodes is coii5)licated hy mltiphonon 
processes originating from 2^7^, and 2 modes e3cpected to 

_i 

appear near 5340j 3IIO and 2880 cm re^ectively. The latter three 
modes can appear as strong bands by sharing intensity from fundamental 


modes through resonance phenomenon. Still the problem of seeking uruq.ue 
assignments of different modes falling in H-H stretching region (270O - 

— i 

5400 cm ) can be solved to a reasonable extent. Different bands of 
this region have been designated as u-, v-^ . . . y- and z- bands as given 
in Table 3.8 column 1. 


Among all these bands x-bands are strongest in aa, bb and cc 
polarized spectra but weaicest in ab and be polarizations. This shows that 

X— bands correspond to remarkably low depolarization ratio and mast anse 

n “1 

due to mode. The weak band appearing at 3H5 cm in spectrum of 

modes has been associated with the ^iUover of strong A^ bands similar 
2g g 

S \ 

to those of v; mode (cf starred frequencies in Table 3*6) • 

The u- and z- bands are reasonably associated with 2'^^^ 

2 modes, respectively. It is interesting to note that the v- band is 

-1 

observed at 3292 cm only in bb polarized spectrum. This band exhibits 

distinct sharpness (T¥HMI = 60 cm ) among all bands of N-E stretching 

•.'I 

region; other bands have FWHMI values between 110-270 cm* (cf Appendix 3.I). 

-1 

As would be shown in a latter section this band appears at 53’50 cm and 
3306 cm , respectively in IE and Eaman spectra of microcrystalline 
(he, ) oS0. (kept at LT), dbowixg remarkable increase in its intensity 

C. Cf 

and sharpness approximately by a factor of 2. Similar correlation was 

77 

made earlier by Torrie et al and this band was associated with a site 

58 

splitted coDponent of mode. On the other hand Schutte and Heyns"'^ 
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associated it with 2 3-’^- S.tekhanov and Gahrichidze^^ with a coippo- 

rreSit Di3,(l) of the dcaiblet arising due to tunneling of proton along the 
K-H...0 hydrogen bridge. In view of the specific properties of this 
band as mentioned above, the last assignment appears to be more unique. 

Schmidt measured the electrical conductivity of 
along its b— axis and esplained that the observed high conductivity 
can arise mainly due to proton tunneling. Since the bb polarization 
character of v-band, indicates its association with a linear vibration 
of proton along b-axis, the proton tunneling responsible for hi^ conduc- 
tivity along this axis may perhaps be correlated with the origin of 
v-band. Thus the observations reported by Schmidt^*^ support the assign- 

O / 

ment for v-hand proposed by SteKhanov and Gabrichidze 


Both the remaining w- and y-bands in ^ectra of A and B, modes 


n 


can be associated with group theoretically allowed two components of 
mode. However, it is not consistent with the observation of x- and 
y-bands in spectra of B^^ and B 2 g modes, since has only one allowed 
component under these species. In order to find the assignments for 
these bands we note that (i) the vr- and y-bands in each spectrum have 
comparable intensity and BWHMI values (cf Appendix 5.1) and (ii) the 
computed frequency of Vg + ('^30^? cm "^ ) fal3s almost at the centre 

of the two ( vv5i(ia cm ). It may, therefore, be asserted that w- and 
y-bands arise as a result of Peimi resonance between fundamental and 
component of (^’l + ^ 2 ^ combination mode. Thus both w- and 

y-ba33ds have beam associated with mixed modes*of and "Og + As 

already stated w- and y-bands have almost equal intensity within the 
errors of resolution therefore by putting = I 2 in Eqn, 1.14h, 
Designated as P.H..(l) and T’.E.(ll). 



it can be shown that the unperturbed frequencies of both "'^2 *^4 

-1 

fall at the centre of w- and y-bands i.e. 51*33 cm to a good approxi- 
mation. It maj- be noted that Fermi resonance can not occur between 
^ (A^ ) and '4^2 + (F^ ^2^ modes, although the frequencies of two 

fall more close to each other. 

n s s s 

Thcoth..-r internal modes "^2 be 

unambiguously assigned to the bands ha-ving frequencies between 1654-1695, 
1402-1475, 1062-1117 , 612-628 and 446-451 om , respectively. 

S XI 

From these assignments of and (i = 1,2,3 and 4) modes 
we note that (i) the number of bands observed in different spectra are 
consistent with theoretical predictions except in the case of mcde 

g 

in aa polarized ^ectrum and mode in ab polarized spectrum where 

these modes separately show single band instead of expected two (ii) the 

^2 3^4 '^2 modes in general are weaker than and modes reject! vely 

in each ^ectrum of A modes but are stronger in spectra of B. , and 

S ‘S ‘-S 

XI XI 

modes; as an exception to it, only v ?2 mode appears stronger than 
in bb polarized spectrum of A modes and (iii) the aa, bb and cc polarized 
spectra record modes of only A^ species but frequencies and intensities of 
bands associa^ted with a single mode in these spectra are found to be 
different (cf column 1-6 of Appendix 5*1 )• Althou^, these observations 
seem to be interestirg, the explanations require rigorous conputatians and 
are not atterpted here. 

Assignment of External Lattice Modes t In order to assign these modes we 
note that (i) the translatory (t^) and libratory (1^) modes of ion 

can reasonably be expected to have hi^er frequencies than the respective 

s s 2"" 

ones (t and 1 ) of SO^ ion, since the mass and moment of inertia ratios 
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(for 5 SO^ ) are l!5*5 1*30, respectively, (ii) in both Raman 

s n 

and IE spectra^ t and t inodes are expected to exhibit strong bands, 
s n 

while the 1 and 1 , the weah (may be too weak to be observed), since 
the latter two are forbidden in these spectra for perfect and S0^~ 

tetrahedra which are not veiy much distorted in (5rH,),S0^. 

4 ^ ‘•i 

Different bands observed below 4 OO cm ”* seem to arise due to 

external lattice modes. The bands may be readily arranged in five 

groups as indicated in Table 3*8 column 1. In view of the above mentioned 

points we assign t^ and t^ modes to strong Raman bands of group (ll) and 

group (iv) respectively, while 1°' modes to the weak bands of group (l). 

Remaining bands of groups (ill) and (y) could be tentatively associated 

with (i) multiphonon processes involving t^ and 1^ modes and/or (ii) single 

s 

phonon processes involving 1 modes. Since the mltiphonon modes 

s s s 

involving t and 1 may be expected to be stronger than 1 modes which 

s 

can easily be obscured by strong t modes or Raylei^ line, any unambi- 

s 

guous assignment of 1 modes could not be possible. However, it is 
interesting to note that weak shoulders of Raylei^ line appear at about 
22 cm in Raman ^ectra of (^ 114)2304 il-s iso- structural other 

98 99 s 

sulphates, Cs2S0^ and ^80^ crystals. Since 1 modes in all "these 
crystals may reasonably have almost equal frequency, hence may be assigned 
to the bands of group (v). 

US 

The subscripts . a, b and c used -with t , and t refer to phonons 

originating from translatory vibrations along crystallographic axes a-, 

n s 

b- and c-, re^ectively. Similarly these subscripts used with 1 and 1 

modes represent libratictB about axes parallel to corresponding crystal 
n s 

axes. Since t and t modes are expected to appear only in bo and ac 
c c 
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polarized spectra, they car be separated from t^ and t^ con^jonents both 
of which are expected to appear in all other polarizations. Similarly 
1^ modes can be separated from 1^ rrd 1^, since the former most are 
expected to appear in aa, bb, cc and ab polarizations while the latter two 
in only be and ca polarizations. 

Our assignments of t^ a,nd 1^ modes are corroborataiby the 

followirg facts? (i) the HIS spectrum of e^i^its one strong 

-1 -1 

band at 355 cm and a broad band at about 200 cm as reported by Eush 

87 

and Taylor , Since protons have very hi^ cross-section for neutron 

inelastic scattering, these bands evidently arise due to ions, and 

77 

(ii) the IE and Eaman studies of microcrystalline (153)4)230^ reveal 

that bands around 355 cm ** exhibit shift by a factor of 1/ while those 

-"I X 

around 200 cm only by (18/22)^. 

2 

d. Comparison of Spectra of HH4 and SO4 Ions 

2 

Both HH4 and SO4 tetrahedra occupy the similar ^s^ ®^ab^ site 
in ET phase of (1314)230^. The coirparison of ^octra of two ions may 
therefore be interesting. For this purpose we tabulate (cf Table 3*9) 
the ratios a^id 1^/2 1^ given by 


FWBMI of a mode of HE , ion 

e 

2 - 

FWHMI of tho same mode of SO, ion 

4 


... 3 * 7 ®' 


I value of a mode of HH^ ion 
2(1 value of the same mode of SO^ ion) 


.. 3‘To 


The factor of 2 in latter quantity has been introduced because there are 
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two ions for each SO^ ion in the crystal. Since the (I 2 ) exhibits 

considerable mixing with Vg + + ^2^ as a result of Fermi resonance 

the and used in confuting above ratios are averaged for tvo 

-1 

Permi components falling around, = 5'185 and 504 I cm . 

av 

Tiie a-i)'’7av" and 1 ^/ 21 ^ thus coi! 5 )uted and the observed ^ectra 


of well established internal modes reveal the following! 


(i) Each mode of ITst is broader than the similar one of SO^ . For ihe 

^ 4 

probable reasons we note that there are two different ions which may 
result in slightly different spectra and contribute to the width of 

bands. Moreover, the force fields of ions are perhaps more anharmonic 

2 - 

than SO. ion due to E-bondirg and possibly result in further broadenirg 
4 

of bands. 

(ii) The well separated and and the totally symmetric modes 

2 - 

are in general weaker than the corre^ ending ones of SO^ ion, although 
“V ?2 mode of bb polarization is an exception to it. One of the probable 


reasons for it could be the low scattering power of ion in coeparison 

2 - 

to that of SC^ ion, since the electron density in the former ion is lower 


than in the latter. However, the mode has more intense bands than 

except in the spectrum of aa polarization. This behaviour of may 

be attributed to the fact tha.t many combination bands involving low lying 

lattice vibrations (e.g. t and 1 ) arise in neighbourhood of true 

stretching modes as a result of ahharmonisity in some part of the 

100 

potential arising from strong H-bondirg . 

(iii) The peak intensity of a band associated with ion is smaller than 
the corre ponding one of SO^-' ion (cf Fig. 5 •5)* This observation may 
also be attributed primarily to the more anharmonic force fields and low 
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scattering efficiency of KH 


+ 

4 


ion ir coug;<arir->cn to those of SO 


2 - 

4 * 


How the critical look into the spectra of lattice juodes 

(cf Pig. 3.4) Pi.nd and 1^/21® values (cf Table 5»9 columns 6 and 

11} cor^uxed foz’ translatory nodes indicates that t^ bands exhibit hi^er 

FWiUyfi and lower integrated and peak intensities in comparison to t^ bands 

of the same speotaa. This beha.viour is identical to that shown by well 

established and well isolated s-nd mcdes of Hii'' and S0^~ ions. 

^ a Z|. 

TMs similarity may be considered as a support to our assignments cf t^ 
s 

and t modes and an indication for their low mixing with each other. 


II ie(atr) spbctea op single crystal 

Five typical ATR spectra of single crystal of (nH^) 2S0^ recorded 
for 6^ = 55° » 37° » 40° » 45° and 60“ in 4000-2000 cm range and four 
qpectra recorded for 6t = 40°, 45°, 60° and 65° in 2000 - 25O cm”’"' range 
are ^own in Fig. 5 •5a and 3 •5b, re^ectively. 

The bands arising due to K-H stretching modes falling between 

_1 

3500 - 2700 cm exhibit anomalous character for increasing upto about 
40°} a typical absorption type spectrum is abserved for 6-^ = 45° • The 
attenuation in reflected intensity almost vanishes in this region at 
0^ = 60°. Almost the sane behaviour is observed for bands appearing 
around I4OO cm due to mode which shows some attenuaticn at S'. =60°. 

4 X 

s ”I s "1 

The bands arising due to ^^(lOSO cm ) and 612 cm ) 

exhibit anomalous character for increasing upto 45° • Well shaped 

normal absorption type bands are observed due tothese two modes for 

0-^ = 60°. Ho band appears due to and modes of and SO^ ions. 
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The critical argle for the systen of KRS-5 and (kh^) 2S0^ crystals 
was estimated in non-absorbing regions of the latter crystal by studying 

the rate of decrease in reflected intensity with decreasing . It was 

-1 

seen that in 40OO - I500 cm region, the reflected intensity rapidly 

— i 

decreases aronnd 6^ = 41°, while in I50O - 250 cm~ range around = 45®. 

Within the error limits of such estimations the © may be stated to vary 

c 

within 41 +2“ in the former frequency range and within 45 + 2° in the 
latter. Thus the refractive index of (HH^)2S0^ in above mentioned frequency 
ranges is found to have values within 1.55* + *06 and 1 .67 + .06, respec- 
tively. In the neighbourhood of absorption bands, the refractive index of 
the crystal has not been estimated since it varies rapidly with frequency 
and such estimations do not have much significance unless the frequency is 
specified. 

The attenuation in reflected intensity shows a general decrease 

-1 

with increasing frequaicy from 250 to 4OOO cm . This phenomenon nay be 
related to the effective depth of penetration of evanescent field in the 
sample which also decreases with increasing frequency (cf. Eqn. 1.1 7b). 

The frequencies of bands read from two selected spectra ( 0^ = 40° 

and 45°) of irOOO - 2000 cm region and those ( ^5°) of 

-1 

2000 - 250 cm region are tabulated in Table These ^ectra were 

selected as they show better shapes of bands. Positions of anomalous 
dispersion bands have been measured at points of maximum slope while 

those of normal absorption type at their peaks. Uncertainties estimated 
in these values are also given in the same table. We note that the 
frequencies of H-H stretching bands measured for anomalous type bands (i.e. 
corresponding to = 40°) differ considerably from those measured from 
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noriEEl absorption type bands ( = 45 °)* TMs is perhaps due to super- 

position of several bands in this region. 

Ill BAViM km IE SPiDTILl OF IGIGEOCaiSIALLniE (iiH^)2S0^ 

Atten^jts were firstly cade to investigate the Earaan ^ectra of 

single crystal at LT (below T ) in order to study phonons in the ferro- 

c 

electric phase. However, it could not be possible because of iie vigorous 
shattering of the crystal at T . The EanHn and IE spectra of microcrystal- 
line sample are therefore, investigated hoth at RT and LT. 

a. Observed Eaman Spectra 

The spectra of microcrystal line sanple recorded both at ET('^508°^^) 
and LT (va 77“K) are shown in Figs. J>.6A and 5*6c, re^ectively. The inset B 
of the latter figure shows some LT Raman bands recorded on ejcpanded scale 
in order to depict their splitted structures which are not clear in the 
survey spectrum. The numbers marked over each band represent the frequen- 
cies (in cm ) of the corresponding Eaman sliapes. 

b. Observed IE Spectra 

It is shown in the Appendix 5.2 that (NH^)2S0^ undergoes a strong 

ion exchange phenomenon with KBr. Therefore, the following discussion is 

based on the IE spectra recorded for microcrystalline low scattering film 

prepared on AgCl window. These spectra scanned at RT ('^50C)“K) and IT 

(v^, 120°K) are shown in Figs. 5*7(a.) and (b) respectively. In these spectra 

the downward shift of the base line (on absorbance scale) with the decrease 

of frequency arises due to general scattering phenomenon. The spectral 

-1 

portion recorded under spectra(a) and (b) in 2600 - 3500 region 

represent the portions of respective ^ectra recorded after attenuating the 


reference beam. 
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The promnent bands of ^eotra^igs. 5-7(a) and (b))have been 
retraced in Pig. 5«8 after choosing appropriate base lines neglecting 
general scattering effects. The bands have been resolved into Lorentzian 
shaped coniponents. The resolution has been saade in such a way that the 
number of resolved conponents remain mostly equal to the number of bands 
looking ^parent and the resolved band positions differ least from the 
apparent ones. The starred con5)onents in different bands are due to the 
asymmetry in bands on their low frequency sides. Such a^mmetry may arise 
in spectra of low scattering films due to general scattering which is 
difficult to beascounted for conpletely by choosing the appropriate base 
line and reducing "the bands on horizontal basis. The other reason of such 
asymmetry is the anbarmonic effect which sameiiimes allows the combinations in 
the vicinity of fundamental bands. 

c. Pcequency^Wadtii and Intensity of Raman and IR Bands 

Appendix 5*5 provides frequency (iJ ), relative integrated inten- 

sily (l, in parenthesis) and width (lWHMI,cm **) of Raman bands in its first 

four col-umns and of IR bands in the last four columns. The Lrentzian 

resolution of conplex Raman bands (e.g. K~H stretching band) although not 

shown in Pig. 5*6, was made to measure these data. The I values for Raman 

bands as given in the appendix are relative to an arbitrarily chosen value 

-1 -1 

10 for the integrated intensity of 618 cm band in RT spectrum and 612 cm 

band in LT spectrum. For IR bands they auce relative to the integrated 

“1 

intensity (10) of full band at v*6l0 cm in both ET and LT spectra. The 
error levels in 'O and I values of both Raman and IR bands are identical 
to those mentioned for Raman bands in ^ectra of single crystal (cf section 
3.7(l)b). 
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d. Assignments and Compaxative Study of ET and Iff Spectra 


The assignments of different phonon modes in microcrystalline 

in Table 5*11 sre based on those discussed for single 
crystal (cf section 5*7(i))* 

-1 -1 

The band observed at 3292 cm (IWBMI J»60 cm ) in bb polarized 
Eaman spectra of single crystal may be noticed only as very weak shoulder 
to N-H stretching band on its higher frequency side both in ET- Eaman ’’and 'RT 

IE spectra (of Figs, 5*6 and 5»8)» after Lorentzian resdution corresponding 

-1 ~1 

bands are observed at v»5290 cm in Raman and v*3500 cm in IE qpectra- At 
LT, the_ respective bands are seen, well separated from thebroad conplex band 
at 5506 and 35"' 0 cm having more sharp structure and increased intensity. 


-I 

On lowering the temperature, the Eaman and IE bands at v%5200 cm 

do not show significant change in their frequencies; however the IE band. 

-1 -1 
(m ^3200 cm ) splits into 3215 a^id 3 I 8 O cm components. 

The mode showing Raman band at *^31 44 cm in ET ^ectrum 

j —1 

(cf Fig. 3-6 a) shifts to 311? cm and possesses inperoeptible intensity in 

/ \ 100 
IR spectra (both at ET and LT); the downward shift is consistent with 

11 

increase in H-bond strength in Iff phase as revealed from crystal data 
The absence of this mode in IE is consistent with low distort! ons"*"' in tetra- 
hedral structure of ions. 

The y-band assigned as a Fermi ccaiponent (F.E.(II), cf Table 3*8) 
is observed at 3039 cm in Raman and at 303 O cm in IR ^ectra (ET). It 

exhibits three components having remarkably sharp structure both in Iff. 

AT 

Eaman andy(IR spectra (cf Figs. 3 . 6 B and 3«7'h); the total intensity of three 
con^ionents is obsesrved to be maximum both in Eaman and IE ^^ectra. On the 



81 


basis of maximum Eaman intensity, this hand may he assigned as mode in 

Iff phase of however its high intensity in IH and the triplet 

structure are inconsistent with this assignaent^Here it may he noted that 

F.E.Cll) component at ET exhihite almost equal mixing of fundamental and 

^2 + combination modes, since its intensity in most of spectra 

is almost equal to that of F.E.(l) to a good appoximation. However, 

P.E.(ll) possesses more intensity than the F.E.(l) in LT ^ectra. It 

implies that F.E.(ll) perhaps exhibits more contribution of fundamental 

at Iff indicating that tmperturhed frequency of mode falls more close to 

F.E.(ll). Thus the unperturbed shifts towards lower frequencies on 

decreasing the temperature. Therefore it must have a value lower than 

51 08 cm (the frequency of unperturbed at ET, cf Table 3* 8 column IO). 

Thus unperturbed is found to be lower than both at ET and LTj 

cf coarse the separation of about 20 cm ^ at ET is insignificant within the 

limits of experimental uncertainties* This observaticm is just reverse of 

that observed in general (i.e* anti- ^rmne trie stretch \)^ has higher 

frequency than symmetric stretch \^-|)- Similar observations have a^lso 

" 1 0"1 

been reported in several cases e#g. for 1^0 in ice at -78^0 (^-j = 5400 
= 3220 ^®^°2 (^>^ = 1528 and = 1261 cm“'^), etc. 

Plunib and Homig also observed in NH^F that (2810 cm ) falls lower 

than (2870 cm ). As explained by these authors such observation may 
be physically understood as follows in oxur case of (M^)2S0^. 

Physically, the question is to understand how the energy required 
to distort the ion trie ally could be larger than that for anti- 

synanetric distortion. The possible answer is that during the mode all 

2 - 

H atoms move away fron N atoms ^ile moving towards SO^ ions. Since for 
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each SO^ ion there are two ions or ei^t protons, the mode would 

yield 2H^ and (HgSO*) ions at the extreme. This is an energetically 

^ « 

unfawourahle configuration. On the other hand in mode one H atom moves 

t) 

away from N atom while three H atoms come nearer to it. At the extreme we 
may have neutral 2HHj and 3^30^ molecules in the lattice; this configuration 
is energetically more favourable. However, this in^jlies that potential 
curve describing such motion of ion cr of protons possesses doable 
minima. It is corroborated by -the following study,— Schroeder and 

105 

Lippincott conjiuted the nature of potential describing the linear motion 

O 

of a proton along linear H-bonds (N-H.. .0) having =3*05 and 2.85 A. 

Under the assuii 5 )tion of staticnaiy N asad 0 atoms their results ^owed the 
existence of double minimum potential with barrier hei^t of 40 and 20 kcal^omo^si 
respectively. These data give an approximate value of 25 kcal for the 
barrier heigjit in the double minimum potential well of H-bond having 

O V 11 

“ 2.90 A which corresponds to a shortest H-bond in • 

n •I 

The unambiguously assigned mode shows a ^ift of 100 cm 

towards hi^er frequency side of free ion frequency (3053 cm ) opposite 

to the exp^ted down\rard shift diue to E-bonding. Such a phenomenon has also 

been observed in systems like and where shifts 

by 15 and 20 cm ^ in higher frequency side, respectively. The reason for 

such observations may be attributed to the modifications in the internal 

force fields of NH^ ion arising due to several interactions ipdiich act in 

the crystalline state. However, an the other hand the unp^turbed ^ 

mode in(NH^) 2 ®)^ exhibits the expected downward shift by v »25 cm from its 

-»1 92 

free ion value (5134 cm ) at KP and by some more magnitude at IT. ! 

i 
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The lowest frequency band ■:£ I'-H stretching region arising, due to 
2V^ mode ^lits into two con^onents at LT. No significant change in 
total intensity of this mode is observed. 

The’v>2 mode at HP s^jpears as a good intensity band (1671 cm ) in 
Raman ^ectrum. The corresponding band in IR ^ectrum is observed to be 
weak and diffuse indicating low distoarbions in NH^ tetrahedra. In LT Raman 
^ectrum it e 2 daibits three frequencies while in LT infrared ^ectrum only 
two. The centre of bands shift towards higher frequaicy side on 
lowering the teii5)e3:ature. It is consistent wilii the increasing H-bond 
strength. 


- 1 . 


The (v*l440 cm ) mode shows two frequencies in both Raman and 

IR ^ectra of the sample at RT. At LT the Raman bands split into fiye 

components while IR bands into six without significant change in intensity. 

s -1 

Similar behaviour is shown by (v\1100 cm ) mode. 


s -1 

The mode exhibits sharp) est (PWHMI = 5 cm ) band in both Raman 

and IR spectra ' 976 and 972 cm respectively. At RT this mode has veiry 

low IR intensity which increases by an approximate factor of about 10 at 

LT. The sharpness of this mode indicates that its force fields are harmonic 

to a good approximation; the fact that the mode is non-polar to a good 

extent mi^t also be one of the reasons for its remarkably sharp character. 

s 'll 

The 

'^4 mode appearing at 618 cm in Raman ^ectrum (RT) splits 

into 2 conponents (628 and 612 cm ”') at Iff, It exhibits two conponents at 

-1 -1 

615 and 608 cm and three components at 618, 609 and 602 cm in IR 

spectra recorded at HP and LT respectively. 
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S -r» *1 

The v ?2 (450 cm ) shows two coioponents in both Eaman and IE 
spectra recorded at Iff. It has inperc^tible IE intensity and shows single 
band in Eaman ^ectrum at ET. 

""1 XI 

The veiy weak band (^^557 cm ) arising due to 1 modes in Eaman 
^ectrum (ET) ^lits into three components (387» 559 and 539 cm "') at Iff. 

In IE ^ectnmm these modes ^ow a diarp weak band (370 cm "^) at Iff, 

—1 

A weak and diffuse band (^^285 cm ) is observed in Eajoan ^ectrum 
recorded at Iff. It could have been obscured by strong wing of t^ bands in 
IB ^ectrum (iff). This band perii^s arises due to modes like N-E. ..0 
(hydrogen bond) stretching. 

In frequency r^ion below 25 O cm ^ our Eaman ^ectmm recorded at 

_■} 

ET only shows three shoulders to exciting line at 21 3 » 181 and IO 6 cm . 
However, liie Eapan ^ectrum (LT) shows four bands at 222, 209, "^96 and 
170 cm ^ due to t^ modes and three bands at 78, 65 a,nd 36 cm due to t^ 
modes? the rest 127 and 100 cm bands seem to arise due to multiphonons 
involving t^ modes. A conparison of these frequencies of t^ and t^ with 
those observed for sirgle crystal at ET, indicates that t^ modes exhibit 

s 

slight increase in their frequencies on lowering the temperature while t 
modes do not show any significant change. 


1 1 

The crystal structural data on (NH^)2S0^ indicate that in ferro- 
electric phase (i) H-bonds are more strong^ (ii) SO^ ion has more distor- 
tions and (iii) IIH^ ions have low distortions in conparison to paraelectric 
phase. All spectroscopic observations summarized above are found to be 
consistent with these inferences. In addition, it may be stated -that the 
symmetry of the Iff phase allows more phonons in both lE and Eaman 
spectra (of Table 5*8). Under this point group the B 2 species 
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are simultaneoasly IE and Eaman active. Consequently, each of the phonons 
■belonging to these species is expected to split into a LO and a TO conponent. 
Thus the already enriched ET Eainan ^ectrum becomes more conplex at LT. 

lY FEEEOELSCTEIC PMSE TEINSITION 

a. Tenperatare Dependence of IE Bands 

In order to understand the microscopic mechanism involved in the 
ferroelectric phase transition in(NH^) 2 S 0 ^, the tenperatare dependence of 
the integrated IE intensity of and modes of S0^“ ion and 55 IO cm""^ 
band of ions have been investigated. Since the last band ) 

appears as a part of the conplex N-H stretching band, it was appropriately 
resolved and then studied. 

Contours and intensity distributions in V^» cm""' 

bands are shown in Pigs. 3»9(a), (c) and (e), respectively. The changes in 
the integrated intensity (l) with tenperatare (T) for these bands are 
depicted in Pigs. 5*9(b), (d) and (f), re^ectively. The circles on these 
curves correspond to the temperatures at which different contours (shown 
vertically above )were recorded. 

The mode which appears in IE as a very weak band for room 

temperature phase (e.g., the curve near JOO^K in Pig. 3.9(a)) exhibits an 

abnormal enhancement in its intensity near T = 225°K. Thereafter a very 

o 

slow but gradual enhancement in intensity of this band continues right up to 
the lowest teuperature studied. Likewise, the ’V?® Band which has almost 
inperceptible intensity above T^, suddenly appears at T^ and similtaneously 

splits into two components (cf Pig. 3*9(c)). The discontinuity in T-I 

2 - 

curves of SO. bands appears to last within 6 “ of our monitored temperature 
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which, of course would represent the ten^ierature grad.ient along, the AgCl— 
plate within our e3cperimental set up. 

s s 

The above mentioned behaviair of and "^2 indicates that 

a sudden distortion takes place at T in the r^ular tetrahedral room 

c 

2- 

teiqperature arrangement of SO^ ion, since both these modes are IR for- 
hidden for perfect tetrahedron. 

-1 

The I vs. T curve for 5310 cm haai-aSiews that structure and 

dynamics of Ifflt ions near T undergo changes %hich, however, are not as 
4 ^ 

2— 44 45 55 77 90 

rapid as in case of SO^ ion. All other studies ’ * * ’ related 

to ions also indicate such changes. 

These observations can reflect on the qualitative nature and 
microscopic mechanism of the ferroelectric transition in the crystal. For 
the c oii 5 )leteness of the discussion it seems necessary to have the knowledge 
of quantitative changes in microscopic units of the crystal. A point charge 
model has, Iherefore, been used to congHite the dipole moEEnts associated 
with and SO^” ions and Iheir contributions to the net •• 

polarization. 


h. The Point Charge Model 

Both the and SO^ ions can he represented as AB^~, T»^ere n is 

4 > 2 ““ 

1 for and 2 for 30^ ion. The point charge model defines AB^— ion as 

having + n/4 electronic charge at crystallographic positions of each of -the 

IH* 

B atoms. This model dAscrihes the electronic charge distrihuticn in AB/” 

107 

ion to a good £ 5 >proximation as discussed by Paulxng for a general case of 

2 

molecular ion. This approximation should he valid for and SO^ ions in 
(NH.)r>S0. crystal as they have only minor distortions. The net distortion 

if ^ 
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XH- 

X for any one of the twelve AB^~ ions in the unit cell can be expressed 
as a vector sum of the distortion ccuponents alor^ the i-th crystallo- 

graphic axis and we have 

5 5 4 

Sx = V Sx. = 2^ 2 ... 5.7c 

i=1 ^ i=1 r=1 ^ ^ 

where and are the conponents of position vectors respectively of 
r-th B atom and the A atom of the ion, along i-th crystallographic axis. 

If 8x is measured in angstroms, the corresponding p (in Debye 
units) can be expressed by 

5,5 

P = 2 P* = i ”l .2n 2 Sx. ... 5.7d 

i =:1 ^ i =1 ^ 

Consideriiog the volnwe of the unit cell (496*2 at \a 180 K, the 
spontaneous polarization ? (in ^C/cm^) contributed by three different ions 
at this temperature would be given by 


P 


5 


2.69 2 

i=1 


2 

c^=^ 


... 5*76 


2 

where the immber 1,2 and 5 (fca: (JC ) refer to l®^(l), KH^(ll) and S0^~ ions, 

A 

respectively, axid would retain this significance throughout this chapter. 


The dipd3e momeidLs p(Ct) and their conponents p_ Mot) and 

a D 

p (c(,)along the crystallographic axes a, b and c, re^ectively, have been 
c 

1 f 

eonputed using Eqn, 5.7d and the crystal data both for paraelectric 
(w» 298®E) and ferroelectric ('^180®K) phases. These confuted values for 
a single ion of each type are given respectively in columr© 5»4»5 and 6 of 
Table 5.12. 
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It is olDserved that in the paraelectric phase all the three 
dietinguishahle ions possess the permnent dipole moments 'p( <<• ) having 
finite p ( «<-) a^id c() and. vanishing p (<<). Further, that the value of 

3> D O 

P(5) is about one fourth of each of the p(l) and '5(2). The net dipole 
moment of the unit cell vanishes automatically due to inversion eyoametry 
of this phase. 

In ferroelectric phase all the conponents'p (^), ) and 

3. D 

5 (of) are finite. Wilh reject to the corresponding values in paraelectric 
c 

phase, 5(5) ^ows an increase while p(1) and 5(2) show a decrease and all 
the three have conparable magnitudes. 

The nagnitudes, directions and locations of p^( <s() , p.j^(«t) and 

p (o() for all the twelve ions in the unit cell of ferroelectric (HH, )„S0. 
c 4^4 

have diagrammatic ally been shown in Pig. 5.10 for the better illustration 
of the situation. The starred locations refer to the set of ions which 
have one to one correlation with the data given in Table 5*12. The other 

9 

locations and vectors can be obtained by symmetry operations of the 0 ^^ 
group . 

9 

The crystal symmetry of this phase restricts the net polari- 
zation of the unit cell only along c-axis (the ferroelectric axis). 

Further, since p (1) opposses both p (2) and p (5)- The Eq.n. 5*7e 
c c c 

simplifies to 

p = = 2.69 [5^(2) + \ 0 ) - P^(1^ ... 5.7f 

■[Jsing this relation the net ^ontaneous polarization is found to be 
0.42 /-*-C/cm^ to which the contributions of different types of ions are 
given in column 7 of Table 5.12. 
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As the asaumed point charge model represents only approximately 
the real charge distribution in AB^— ion, the conputed results may be 
aipposed to have some error but certainly not of hi^ order. This is 

2 

evident from the fact that the co'nputed value of polarization 0,42/tC/om 

2 

agrees well wi1h esperimentally reported values 0.45 A-C/c,m by Hoshino 

*1 2 2 ! 37 2 
et al , 0.64 yt*'C/cm by Ikeda and Fujibayashi and 0.54/tt-G/cm obtained 

? 31 

T curve reported by Unruh ; the former two values 

are reported to be temperature indepaadent. The ions in paraelectric 

phase oscillate with large anplitudes which continue in the ferroelectric 

phase; HHt(l) ion freezes at 160°K while ion continues moderate 


oscillations upto ^^90* 


Consequently, the changes in the orientations 


of dipoles p(1) and p(2) and their effect on the orientation of p(5) 

possible with the change in temperature. Such a change can lead, to the 

temperature dependent polarization. Therefore, the spontaneous polariza- 

CLWt- 2 -^ 22 

tion data reported ty UrEruh^coworkers * seem to be more realistic. 


It is noticed for the first time that the SO^ ion #iich was 

37 55 

not considered ’ for contributing towards f erroelectricity, contri- 

2 

butes a major part of about 0,25 J^C/cm to the total polarization of 

2 , 

about 0,42 /Uc/cm 


It is also evident from Table 3»‘l2 and Fig, 3*"*0 that orienta- 
tions of dipoles in the ferroelectric phase do not define a state ordered 
better than that in the paraelectric phase. Rather the array of dipoles 
as it appears below T^ has the characteristic of a ’ ferrielectric * 
structure with reject to ihe c-coraponents of dipoles and of *antifeCTo- 

I 

electric’ structure with respect to a^and b- components of dipoles. This 

52 

provides an evidence for the inference made by Unruh and Rudiger that 
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As the assumed point charge model represents only approximately 


the real charge distrihution in ion, the cou^juted results may he 

aipposed to have some error hut certainly not of hi^ order. This is 

evident from the fact that the co'nputed value of polarization 0,42/Uc/cm^ 

2 

agrees well wilh es^ierimentally r^orted values 0.45 /*'C/c,m hy Hoshino 
et al , 0.64 /tA-C/cm hy Ikeda and Pujihayashi and 0.54/ttG/cm obtained 
for 180°K from? T curve reported hy Unruh^"'; the former two values 
are reported to he temperature indepsadent. The ions in paraelectric 
phase oscillate with large amplitudes which continue in the ferroelectric 
phase; ion freezes at 1 60“ E while I3H^(ll) ion continues moderate 

oscillations upto 'a. 90“ Consequently, the changes in the orientations 

of dipoles p(l) and p(2) and their effect on the orientation of p(5) are 
possible with the change in temperature. Such a change can lead to the 
temperature d^endent polarization. Therefore, the ^ontaneous polariza- 


and 


31 52 

tion data reported hy Unruh^coworkers * seem to he more realistic. 

2 - 

It is noticed for the first time that the SO^ ion i»^ich was 
37 55 

not considered ’ for contributing towards ferroelec tricity, contri- 

2 

hutes a major part of about O.23 JUc/om to the total polarization of 


about 0.42 /AC/cm' 


2 . 


It is also evident from Table 5 •‘12 and Pig. 3 •'10 that orienta- 
tions of dipoles in the ferroelectric phase do not define a state ordered 
better than that in the paraelectric phase. Rather the array of dipoles 
as it appears below T^ has the characteristic of a ’ferrielectric’ 
structure with reject to the c-conponents of dipoles and of ‘antiferro- 
electric* structure with respect to arand b- components of dipoles. This 

52 

provides an evidence for the inference nsade by Unruh and Rudiger that 
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the c acitributions to the macroscopic polarization due to ions i.e. 

Pq('I) antiparallel; P (1) and P (2) have been denoted 

w c c 

re^ectively as P^ and by these authors, 
c c 

c. Microscopic Mechanism. and Origin of Phase Transition 

Order-Disorder Phenomenon ; Our computations as discussed in above section 

contradict the order-disorder type of mechanism in volved in the phase 

transition' of (M^jgSO^ as proposed by O’Reilly and Tsang'^'^. These authors 
108 

have shown theoretically that the order- disorder phenomenon can be 

consistent with first order phase transition in (M^) 2 S 0 ^, if the transition 

involves the cooperative reorientation of HH't ions at T . Similar pheno- 

4 ^ 

109 

menon was proposed by Pauling giving a qualitative explanation of the 

phenomenon at the time -when much experimental data cm the crystal were not 

110 

available. This explanation was contradicted by Hamilton and Ibers 

on the basis of their neutron diffraction study of the crystal in both 
11 47 

phases . Similarly, Miller et al also ^owed by studying MR spectrum 

of (^ 54 ) 230 ^ "that ions do not undergo co-operative reorientation at 

T which is inconsistent with the phenomenon proposed by O’Reilly and 
o 

Tsang^^’"^*^^. The phenomenon has also been critically discussed in. latat" 

111 112 II 5 

reports by O'Reilly and Tsang , Hamilton , and Ross and Hamilton 

However, no definite conclusion could be arived at about this phenomenon. 


Lacive 


ii The crystal structural data of (]SlH^)2S0^ 


are not consistent with displacive type of phenomenon as exhibited by 
BaTiO,"''*^’'*^^ . In order to visualize the clear picture of the sitiiation, 
the positions (projected in bc-plane) of three different ions in the tetra- 
moleculax unit cell of para^ and ferro-electric phases are shown in 


Pig. 5.11. Crystallographic data r^orted by Schlemper and Hamilton 
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have been used for these projections. We note that in ferroelectric phase 

2 - . + + 

SO^ ion does not exhibit any shift while and ions exhibit 

shifts by + O.OO5 c and -0.005 o re^ectively from their equilibrium 

-f- 

positions in paraelectric phase. Considering monopoles of charge e and 
2e situated at positions (cf Pig. 5*11(b)) of and SO^ ions, respec- 
tively, the net polarization of the unit cell may be observed to vanish. 

This leaves no possibility of di^lacive type of mechanism to be responsible 
for the transition in (M^)2S0^. 

Factual Phenomenon t The above discussion indicates that the usual 

displacive and order- disorder type of mechanisms are not responsible for 

the ferroelectric transition in (KH^)2S0^. On the o'&er hand, the charges 

2 

in the distortions of NHt(l), IjlH't(ll) and SO," ions occurring at T can 

4 4 4 c 

explain the quantitative result of spontaneous polarization. The changes 

in the distortions of these ions can, therefore, be recognized as the main 

microscopic phenomenon responsible for the transition, inistratov and 
35 

Martynov showed that the change in birefringence at T occurs mainly due 

o 

to elasto-optical effect rather than electro-optical effect. All these 

inferences uni vocally indicate that (KH^)^SO^ is not a proper ferroelectric 

and e3chibits an ordinary molecular phase transition resultir^ ferroelec- 

*1 6 

tricity as a secondary effect. It has correctly been defined as an 
improper ferroelectric. 

Order Parameters From ttxe above inferences it seems more probable that 

12 

T is not affected by d.c. biasing field as observed by Hoshino et al and 
o 

corroborated by the observation that the hysteresis curve just aboye 1 

31 ° 25 

exhibits a line shape . Thus the observations of Eamiyoshi and Miyamoto 

showing dependence of T on applied electric field do not appear to be 

o 

co3?rect. Coiaclusively, spontaneous strain rather than spontaneous 
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polarization ants as an order parameter to be used for describing the 


transition. 


Origin of Phase TransitLon ? The spontaneous strain, which acts as an order 

i 1 yi i *1 

parameter, should arise due to covalency effects in directed bonds * . 

"tbree different types of directed bonds: U-H, H-H. . .o(H-bonds) 
and S~0, which could be equally responsible for the origin of dri-ving inter- 
action. However, the former two types of directed bonds appear to be of 

12 

secondary inportance because: (i) on deuteration, T is not affected or 

o 

52 —1 

is negligibly affected (by 0.6 + 0.1 , (ii) the JJ'IO cm band asso- 

ciated with ion eshibits conparatively slow change in its intensity 
near (cf Pig. 5 *9(6) and (f)}, while the crystal exhibits a sharp transi- 
tion, (iii) the ISMR line width is not affected by the transition^*^ and (iv) 

2 - + 

the transition results in more distorted SO. ion and less distorted HH. 

4 4 

ions in the ferroelectric phase in conparison to the respective ones in 
paraelectric phase: (Megaw has shown that the covalency effects in 
directed bonds tend to form angles leading to slightly distorted structure 

of lower ^mmetry in ferroelectric phase). This indicates that the main 

2 - 

driving interaction has its origin in S-0 bonds of SO^ ion which triggers 
the transition by getting more distorted structure of lower symmetry; the 
ions simply follow an appropriate change. This is probably the reason 
that studies related only with ions indicate the phase transition as 


having characteristics of second order 


,55,77,90 


d. Theoretical Models Proposed (Earlier) for the Transition 


Thermodyyi^^'mical Theo3ry : Ikeda et al considered a physically ^lndefined 
order parameter transforming like z (the vector parallel to c-axis) 
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to develop*, the thermodynamic theory of the transition. The present study 


adds that '*1 should he the localized strain or stress at the sites of SO' 

2 - 

ion. This strain may polarize the SO^ ion and can, therefore, esdiibit 
interaction with P. 


2 - 

*4 


117 

Soft Mode Theory ? The model developed hy Sawada et al attributes ihe 
origin of ferroelectric phase transition to a mixed mode of species of 
^2h "the mode possesses large component of libra tional non-polar 

mode and a small conponent of translational polar mode, and becomes soft at 
T = T^. This model is primarily based on the assunption that all the 
constituting ions Nh^(II) and SO^ exhibit perfect tetrahedral 

character in both phases and therefore interml modes of ihese ions do not 
involve in the transition. 


44 54 55 

However, we note the fol,lawing (i) The studies of IIMR , BMR"^ * 


and IR absorption^® in (l)3H^)2SO^ and its crystal structure' ' alongwith 

+ 2 - 

present investigations uih vocally reveal that and 30^ ions eadiibit 

considerable distortions, (ii) The tenperature dependence of the intensity 

of three thermo sensitive lE bands of (l!lH^)2S0^ discussed in section 5*7(l'V')a 

2 -, 

reveals that the SO ion suddenly gets distorted at T in a narrow range of 

4 o 

temperature on cooling the crystal, while the 3®^ ions follow relatively a 

slow change, (iii) Calculations of p(1), p(2) and p(5) (of Table 3»12) 

+ 2 - 

have indicated that distortions in and SO^ ions are sufficient to 

account for a spontaneous polarization of 0 . 42 /tC/cm j which agrees well 

with the experimentally measured results as already discussed, (iv) The 

translations and rotations form the bases of two different irreducible 

representations^^ (i.e ^2 ^spectively) of T^ point group; obviously 

2 

they can not mix unless and SO^ ions exhibit distortions. But a mixed 


11 
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5.8 CONCLUSIOK 

Raisan spectra of single ciystal of (KH^) 2 S 0 ^^ have extensively "been 

XI s 

studied at RT. All modes except the 1 and 1 exhibit strong bands. The 
n 

1 modes are assigned unambiguously to weak and diffuse bands around 
-1 s 

555 cm , while 1 nrodes are tentatively assigned to weak shoulders to 

n s 

exciting line observed around 20 cm . The t and t modes, which appear 

-1 -1 

as strong bands around 200 cm and below 80 cm respectively, seem to have 
low mixing with each other. The force fields describing the dynamics of 
and ions are identical to a good approximation. The 

combination and fundamental exhibit strong Fermi interaction. 

—1 - I 

IR(ATR) spectra (4000-250 ■■cm -)of the single crystal recorded at 
ET exhibit four strong bands due to 'v)^, and modes which are 

only IR active internal modes -under T^ symmetry of and SO^ ions. A 
comparative study of RT and LT Raman and IR spec-tra of microcry stal line 
(HH^) 2 S 0 ^ has also been made. 

The existence of proton tunneling along the strong H-bonds in 

(MJ^)2S0^ Eas been inferred;it i® also supported by other studies. In general 

2 - 

H-bonds become more strong in ferroelectric phase. SO. ion which has 

4 

almost a tetrahedral structure in paraelectric phase gets distorted in a 

nairow range of tenperature around T . The HHt ions also exhibit changes 

c 4 

in their structure and dynamics but with slower rate. The overfall 
observations reported in this chapter are consistent with the known 
crystallographic data of phases. 

Within the limits of possible errors, the point charge model 
developed in the present investigaticais, explains the experimentally 
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known value of spontaneous polarization. It has been argued that the 

spontaneous polarization should possibly depend on the temperature. Per 

2 - 

the first time it has evidently been shown that SO^ ion contributes about 
50 ^ of the total polarization at ».^180°K. 


(M^)2S0^ seems to be an unique example where ferroelectrici-ty 
is the secondary effect of an ordinary molecular phase transition. The 


order parameter coupled with spontaneous polarization seems to have several 

2 - 

conponents including spontane.'us strain in SO^ ion as its ma-jor contri- 
butor. This strain appears to arise due to covalency effects in S-0 bends 

2 - 

of SO^ ion. Theoretical models developed by others to explain the origin 
and mechanism of phase transition in this crystal have been critically 


reviewed. Finally, it is hoped that the present study would be helpful 
in the development of an elegant theory of ferroelec tries 

and in the quantitative study of c covalent bonds. 
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TABLE 3.1 

Crystal structural data^ of (KH^) 2 S 0 ^ 



BT 

LT 

Crystal system probable 

space group formila 
units/unit cell 

Orthorhombic 

B^^Ci'nam) 

Orthorhombic 

c 9 ^(Pna 2 ^) 

a 

7.782 A 

7.857+0.007 I 

b 

10.636 I 

10.61 ± 0.01 I 

c 

5*993 1 

5.967+0.006 I 

Volume 

496.0 P 

496.2 r 


^aken from ref. 11 
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Classification of phonons in paraelectric phase of (NH.)pSO (an unit cell approach) 
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TABLE 3*4 

Correlation Between ^nsmetry species of T^, and point groups 


X 

Syinmetry species 

^d 

C (cr^v.) 
s aB' 

^2h 

Ai 

1 

^ ®3g ^ ®1u ®2u 

E 

A + B 

(a + B, + B . + B„ ) + (a + B, + B , + B„ ) 

^ g 3g 111 2u' u 3u 1g 2g^ 

^1 

A + 2B 

(a + B^ + B^ + B„ ) + 2 (a + B^ i" B^ + B~ ) 

^ g 3g 1a 2u^ ^ u 5u- 1g ^6 

Eg 

i2A + B 

2 f ii. + B— + B j *1- B« ) "I" r ji. + B_ -4" Bj *4“ B* ) 

^ g 3g 1u 2u^ '' u 3u 1g Bg-^ 


X 

Syinmetry species , E and Eg of T^, 
Bjg of are Eaman active while Eg 
Bj^ of B g^ are IR active. 


A and B of C and A , 
s g’ 

of T,. A and B of C 
d* s 


^1g’ ®2g 

and B^ , B» and 
1u^ 2u 


TABLE 5-5 

Correlation Between symmetry species 
of T^, C^ and Cg^ point groups 


Sjmnetvy specxes 

"d 

°1 

°2v 

^1 


Aj| + A 2 + + B 2 

E 

2A 

2(A^ + Ag + B^ + 

^1 

3A 

3(-a-j 

^2 

3A 

3(A^ + Ag + B^ + Bg) 


^Synmetry species A^ , E and Eg of T^, A of C^ and A^, 
Agj and Bg of Cg^ are Eaman active while Eg of T^, 
A of C^ and A^, B^ and Bg of Cg^ are IE active. 
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TABLE 5*6 

Classification of phonons in paraelectric phase 
of (IIH^)2S0^ crystal (The site sinanetry approach) 


Modes of AB type 



^ecies under 



1=^ 

4 

T, ion 
d 



®2g 

5g 

A 

u 

S-t 

1u 

V 

5u 


1 

- 

- 

1 

- 

1 

1 

- 

4 

\>2(e) 

1 

1 

1 

1 

1 

1 

1 

1 

8 


2 

1 

1 

2 

1 

2 

2 

1 

12 


2 

1 

1 

2 

1 

2 

2 

1 

12 

Rotati ons (P^ ) 

1 

2 

2 

1 

2 

1 

1 

2 

12 

Translations (P2) 

2 

1 

1 

2 

1 

2 


1 

12 

Total^ 

9 

6 

6 

9 

6 

9 

9 

6 

60 

z 

Grand total 

27 

18 

18 

27 

18 

27 

27 

18 

180 


^ represents total number of phonon modes originating from particular 

mode of an AB. type tetrahedral ion in tetramoleciilar unit cell. 

4 * 

y 

Total accomitirg for ilie phonons originating from of ’the 

2 

IIhJ(I), and SO^" ions. 

2 

Total, accounting for the phonons originating from all the three types 
of ions. 
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TiiELS 3.7 

Classification of phonons in ferroelectric phase 
of (HH^^)2S0^ crystal (A site symmetry approach) 


Modes of type 

T, ion 
d 


Species under 

^2v 





®2 

iM 


1 

1 

1 

1 

4 

VgCE) 

2 

2 

2 

2 

8 

^5(3^2) 

3 

3 

5 

3 

12 


5 

3 

3 

3 

12 

Rotations ) 

3 

3 

3 

3 

12 

Translations (Rg) 

3 

3 

3 

3 

12 

Total^ 

15 

15 

15 

15 

60 

Grand total^ 

45 

45 

45 

45 

180 


X 

K represents total mmher of phonon inodes originating 
from particular mode of an AB^ "feype tetrahedral ion in 
tetramolecular unit cell. 


^Total accounting for the phonons originating from any one 
of the and SO^ ions. 

z 

Total accounting for the phonons originating from all 
the liiree types of ions. 
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TABLE 3*8 

Frequencies (in cm ) of phonons observed in Raman spectra of single crystal 

of (^4)230^ 


Specifi- 

cations^ 


A 


® 5 g 

1 g 

® 2 g 

Assigsment’^ 


d 

aa 

bb 

cc 

ab 

be 

ca 

av 

EFyip 

1 

2 

3 

4 

c: 

6 

7 

8 

9 

10 

u-band 






5322 

2^2 

3522 

3538 

v-band 


3292 





B.C.Cl) 

5292 


w-bands 

3185 

3190 

3180 

5190 

5194 

31 86 

F.R.(l) 

5187 

31 08 

x-bands 

3140 

3122 

3122 

3113 

^ * 
3143 



3124 


y-bands 

3005 

3040 

3005 

3016 

3045 

3060 

P.R.( 35 ) 

3029 

3028 

z-bands 

2865 

2850 

2865 

2820 

2850 

2845 


2849 

2858 




2525 




? 

2525 





2025 

2010 

2080 



2038 

2065 




1795 




h >4 + 1 

1795 

1786 





1715 



.S .S / njl 

1715 

1705 


1654 

1662 

1660 

1674 

1693 

1668 

■^2 

1669 



1410 

1470 

1417 

1439 

1402 

1475 

1423 

1417 

1412 


1429 





1231 



1204 


1218 

1236 






1130 



1130 

1132 


1105 

1062 

1105 

1068 

1102 

1062 

1117 

1073 

1080 

1095 


1087 



976 

976 

976 

976 

97^ 

976 * 


976 





910 




2V)J 

910 

900 



755 

735 


735 

706 

21° 

728 

710 


628 

625 

612 

625 

612 

616 

612 

CD 

^4 

618 



contd 
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Table 5*8 contd. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 



530 

550 


550 

550 

n n 

t 4- 1 

550 

546 


451 

451 

446 

449 

451 

451 

%s 

•^2 

450 


group I 

370 

557 

357 

347 

570 

540 

1 ^ 

c 

1 and 1-. 
a D 

557 



- 

207 

- 

197 



,n 

\ \ 

202 


group II 





192 

200 

t^ 

c 

196 



178 

178 

174 

- 



.n ,n 

\ \ 

177 




165? 

149 




2t® 

156 

146 

group III 




149 

152 

152 


151 

143 


105 






. s , s 

\ 

105 

115 


75 

75 

73 

- 



t® or t® 
b a 

73 


group ly 





66 

75 

t® 

c 

70 



38 

58 

- 

58 



s s 

t or < 
a D 

45 


group V 

22 

15 

22 



22 

1^? 

20 



a 

Used to facilitate the discussion. 


D.C.(l)* a doublet conponent arising due to double miniinum potential along 

N-H. . .0 hydrogen bond; F.R.(l) and (ll): two components arising from Fermi 

resonance between fundamental and combination modes, 

J ^ 2- 

superscripts n and s refer to the modes of and SO^ ions, re^eotively, 
1 and t represent the librational and translational modes, respectively, 
subscripts a, b and c distinguidi the librations about or the translations 
along the axes parallel to the crystallographic ones, the bands correspon- 
ding to starred (*) frequencies arise due to spillover of strong bands in 
other polarizations. 


represents the average of all frequencies of a mode. 

= harmonic frequency of multiphonon process confuted from average 
values of involved single phonon processes, underlined value 5108 cm is 


the estimated unperturbed while 5098 cm"^ is the HBMP (“0^ + S)^). 
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table 3-9 

Relatiire EWHMI intensity (l^/ 2 l^)^ obtained for Raman 

spectra of single crystal of (fIH^)2S0^, at room temperature ( u300®K) 


Polari- 

zation 






1 ^/ 21 ® 



Vi 

V2 

^5 

■^4 

t 

0 

^1 

^^2 


^4 

t 

0 

aa 

26.0 

5.3 

3.7 

3.5 

3.6 

0.50 

0.75 

0.65 

0.50 

0,15 

TdTd 

25.0 

3.3 

4.6 

3.5 

2.0 

0.37 

1.25 

1.05 

0.31 

0.72 

cc 

27.0 

7.5 

7.6 

7.0 

2.0 

0.56 

0.25 

1 .50 

0.32 

0.83 

ab 

10.0 

6.0 

5.2 

5.6 

3.0 

0.33 

0.55 

1 .87 

0.85 

0.06 

be 

10.0 

4.0 

5.0 

6.7 

2.0 

0.50 

0.25 

1.85 

0.50 

0.33 

ca 


9.0 

5.3 

8.9 

2.8 

2 

0.20 

1.95 

0.53 

0.25 


^or significance see Eqns. 3 * 7 a and 3 * 7 '^ and the related text. 


TABLE 3*10 

-1 a 

IR active phonon frequencies (in cm ) observed in IR(ATR) ^ectra of sin^e 
crystal of (^4)2 ^*^4 ^recorded at angle of incidence 0^ 


= 40° 

0 j_ = 45* 

Assignments 

0 . = 60 " 

'^1 

0 i = 65 “ 

u 

Assignments 

5260 + 10 

3190 + 5 


1405 + 2 

1405 + 2 

^4 

2990 + 10 

5020 + 20 


1070 + 10 

1070 + 5 



2860 + 20 

2V4 

610 + 2 

612 + 2 



^’Recorded on ATR accessory fitted with KRS -5 by keeping (ICX)) plane of the 
sample crystal in contact. 
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TABLE 3 * 1 'I 

Frequencies of phonons (in cm ^ ) observed in Raman and IR spectra of 

microcrystalline (KH^),5S0. recorded both at HE and Id). 

d 4 


Raman 

Assignments ' ' 

300 °F 77 “K 300 ‘’K 120 ®E 


1 2 5 4 5 


5290 

5306 

I).C.(l) 

3300 

3310 



P.E.(l) 


3235 

3205 

5191 

3200 

3I6O 

3144 

3117 


- 

- 


3047 

F.E.(II) 


5O8O 

3039 

3025 

5050 

3040 


3004 



3010 

2881 

2922 

2845 

2V4 

2840 

2930 

2855 



2 v; 


2110 


2048 

V2 + 1 "" 


2060 


1820 


1790 

1830 

1782 


1714 

■vTl 


1710 

1671 

1683 

'^2 

1700 

1682 


1673 





1490 



1485 

1460 

■1469 


1460 

1465 

1446 

'^4 


1445 




1435 


1423 



1425 

1414 

1414 


1410 

1405 


1162 



1150 


1147 



1140 

1100 

1127 

^s 

1120 

1120 


1081 

^5 

1065 

1090 

1060 



1018 ? 

1060 


1'047 



103 B 


contd 
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Table 5*11 contd. 


1 

2 



4 

5 

976 

976 


972 

972 


628 

Ci 

61 5 

618 

618 

612 

"^4 

608 

609 





602 

450 

462 

450 

V® 

^2 


456 

445 


587 

1^ 

(535f 


357 

359 

570 


359 





285 

? 


? 


222 


- 


215 

209 

t’" 

(250) 


181 

196 





170 




153 

127 

iipp(t®) 

(140) 

(120) 


106 

100 

( 95) 



78 





65 

t® 

( 65) 



56 





X 

I).C.(l): a doublet component arisirg due to double minimum potential along 
hydrogen bond, F.E.(l) and (ll) two cocrponents arising from Fermi 
resonance between fundamental and combination modes, 

superscripts n and s refer to the modes of HH. and SO., respectively, 

s ^ ^ s 

MPP(t )s multiphonon processes involving translations of SO^, t . 

^Frequencies in parentheses have been read from the spectrum (HT) reported 
by Uyquist and Eagel, Infrared spectra of Inorganic Conpounds, Academic 
Press, Hew York (1971)* 
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TABLE 5.12 


Coinputed values of dipole moments 'J( o( ) , their con^jonents^ ^ (k), ) 

and (*i) in Behye units and the ^ontaneous polarization ) in 

Ac/cm associated with a single ion of each type^ in (KS^)2S0^. 


Phase 

Ions 

(<x} 

p( ‘K) 




Contributed 

polarization 

rU) 

c 

Paraelectric 

1 

0.246 

0.057 

0.245 

0 


( 298 “E) 

2 

0.502 

-0.252 

-0.191 

0 



5 

0.071 

-0.058 

-0.041 

0 


Ferroelectric 

1 

O.I65 

-0.145 

O.O6I 

-0.050 

-0.15 

(leo^K) 

2 

0.154 

0.045 

- 0.084 

0.122 

0.52 


3 

0.161 

-0.115 

-0.076 

0.086 

0.25 

The net polarization P 

= ^c = 

0.42^ C/cm^ 




^The comcmients p , p, and p are taken along crystallographic axes 
3» D C 

a, h and c respectively. 


^The three distingui^ahle ions NH^(l), 
unit cell are denoted under o( by nunbers 1 , 2 


2 - 

and SO^ in the 
and 5 respectively. 


1 



Glide planes translation 



Oo O S ON OH 

Dyad screw translation c /2 

Fig. 3.1 Crystal structure of (NH 4)2 5 O 4 projected in 
(001) plane (A) above Tc (B) below Tc 







Frequencies of free ions from ref. 92 


MODE 

^1 

«2 

^3 

^4 

nh; 

3033 

1685 

3134 

1397 

so|' 

981 

451 

1104 

613 


Fig. 3.2 Internal modes of AB^ type tetrahedral 
molecule. 
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REFLECTANCE 



400C 35CC j:0' .E?.'. 230C 

* FPEGUCSCV iCM"') 



-• FREQUENCV (CM ’) 


F 13 . J.5 IR (ATR) spectra of single crystal of (NH ^)2 SO^ in(a)AO(X)-2000 
crrT' (b) 2000-250 cm"' range recorded by keeping its (100) 
plane in contact with KRS-5 crystal. 




Fig. 3-6 Raman spectra of microcrystalline(NH^)2 SO^ 


130 b 







Fia 3 8 Reptotted IR spectra of microcrystalline (NH4)2 SO4 • NH4 bands 
L .Hewn ,n parts ,a, a (P) , Sof ,n ,c, a W,. Upper 

frequency (cm-') scale ,s for (o) & (b) wh.le the lower for(c)a(d) 

see also the text . 




300 280 260 240 220 200 180 160 140 120 


Temperature (°K) 


Fig-3.9 Temperature (T ) dependence of IR bands and their int^rated 
intensities (Ijin arbitrary units) in (NH ^)2 504. Curves (b),(d ) 
and (f) represent the variation of I in contours shown in 
(a)j(c) & (e) respectively , with T - 







(b) 

- AX 


+ A X 


A SO4' o NH4 (I) •NH4(II) 

Fig. 3.11 Positions of different ions in the unit 
ceil of(NH 4 ) 2 S 04 projected in its be- 
plane, (a) Paralectric phase and (b) 
ferroelectric phase , Ax = 0.005c . 



—►j U- 





HXJKJKJ 



Fig. 3 12 IR spectr 
(b) (c) ^ 
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APPEHDIX 3.1 

Pl-equency (V, in CE ), relative integrated intensity (l, in parenthesis) 
and IWHMI of Rarnan tands in spectra of single crystal of anmonium sulphate 


aa 

hi 


cc 

ab 

be 

ca 

V 

(I) 

RWHMI 

V 

(I) 

WHMI 

V 

(I) 

RWHMI 

V 

(I) 

FWHMI 


(I) 

FI’ffiMI 

V 

(I) 

PWBMI 

1 

2 

5 

4 

5 

6 

7 

8 

9 

10 

11 

12 



3292 

(50) 

60 







3322 

sh 

3185 

( 55 ) 

110 

5190 

( 46 ) 

120 

31 80 

(50) 

270 

5190 

(25) 

180 

5194 

(55) 

160 

3186 

(50) 

150 

3140 

( 80 ) 

130 

3122 

(70) 

140 

3122 

(90) 

I60 

5115 

( 2) 
60 

5143 

( 2 ) 
80 



5005 

(50) 

150 

3040 

(56) 

110 

3005 

( 22 ) 

110 

3016 

( 20 ) 

140 

5045 

(50) 

140 

301 6 

(52) 

170 

2865 

( 20 ) 

180 

2850 

(25) 

180 

2865 

(25) 

170 

2820 

( 6 ) 
110 

2850 

( 15 ) 

150 

2845 

(10) 

140 





2525 

df 











2 C 25 

df 

2010 

( 2) 
250 

2080 

( 1) 
60 







1795 

df 

1715 

sh 





1654 

(15) 

50 

1662 

(25) 

50 

1660 

( 5 ) 
120 

1674 

( 7) 
60 

1695 

( 5 ) 
40 

1688 

( 4 ) 
90 



1470 

six 

1459 

( 5 ) 
70 

1475 

sh 





1410 

( 18 ) 

55 

1417 

(15) 

30 

1402 

( 2) 
50 

1423 

( 5 ) 
45 

1417 

( 5 ) 
80 

1412 

( 4 ) 
80 





1231 

( 1 ) 
55 

- 






1105 

(25) 

55 

1105 

sh 

1102 

( 4 ) 

25 

1117 

( 6) 
50 

1130 

sh 

1204 

(?) 

? 


contd. 
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Appendix 5.I contd. 


1 

2 

5 

4 

5 

— r“ 

7 

8 

9 

10 

11 

12 

1062 

sh 

1068 

( 20 ) 

25 

1062 

( 8 ) 
25 

1075 

sh 

1080 

( 9) 
30 

1095 

( 8) 

50 

976 

( 80 ) 

5 

976 

( 95 ) 

6 

976 

( 80 ) 

6 

976 

( 3 ) 

6 

976 

( 2 ) 

8 

976 

( 2 ) 

10 





910 

sh 









755 

(? ) 

? 

755 

(? ) 



755 

(? ) 

7 

706 ( 

? ) 

7 

628 

( 18 ) 

10 

625 

( 8 ) 
10 

625 

( 2 ) 
10 





628 

( 2) 

7 



612 

( 16 ) 

7 

612 

( 9 ) 

7 

615 

( 3 ) 

8 

615 

( 5 ) 
12 

615 

( 6 ) 

9 



550 

(? ) 

550 ( ? ) 

? 



530 

(? ) 

7 

530 (? ) 

7 

451 

(10) 

15 

451 

( 10 ) 

15 

446 

( 10 ) 

16 

449 

( 10 ) 

10 

451 

(10) 

10 

451 

( 10 ) 

10 

570 

df 

557 

df 

357 

df 

547 

df 

570 

df 

540 

df 



207 

( 80 ) 

50 



197 

( 1 ) 
75 

192 

(12) 

40 

200 

( 4 ) 
110 

178 

( 7) 
80 

178 

(150) 

55 

174 

( 20 ) 

50 







105 

sh 

I63? 


149 

sh 

149 

( 1 ) 
75 

152 

sh 

152 

( 5 ) 

35 

75 

( 8 ) 
25 

75 

( 60 ) 

25 

73 

(12) 

25 



66 

( 18 ) 

20 

73 

( 8 ) 

40 

38 

(15) 

20 

38 (100) 
25 



58 

( 8 ) 
25 





22 

sh 

15 

sh 

22 

sh 





22 

sh 


O'btained after Lorentzian resolution althai^ not ^own in fall range of 
ol,ser^red spectra depicted in Figs. 3 . 5 , 3 - 4 , sh = shoulder, df = diffuse 
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APPENDIX 5.2 

ION EXCHANGE BBOn^EEN (KE^)2S0^ AND KBx 

Pig. 3 "12(a) shows the IE spectram of finely powdered (Nir)pSO. 

in Mijol mil 5 the spectinim of Hujol has been conpensated. Fig. 5 •12(b) 

depicts the spectrum of the sample in EBr pellet. A comparison of these 

two spectra clearly indicates that ihey are not identical to each other in 

position, width a,nd intensity of different bands* 0?he major difference is 

observed in latter two quantities. For example the band width of N-H 

—1 —1 

stretching mode (around 5200 cm ) is ahoat 700 cm" in the former spectram 

-1 

while it is about 350 cm in the latter. Such remarkable difference is 
also observed for other bands. The difference in the intensity of bands is 
quite visible from these spectra. 

The spectra of NH^Br and ^SO^ in KBr pellet are, re^ectively 

represented by curve(c) (in 4OOO - I3OO cm region) and curve(d) (in 

_1 

1300 - 250 cm region) in Pig. 3*12. The former curve depicts ihe bands 
of NH^ ions while the latter depicts those of SO^ ion. A conpaxison of 
^ectra (o) + (d) with those represented by the curves (a) and (b) establishes 
the identity of (c) + (d) with (b). This proves that the qpectrum (b) of 
Pig. 5.12 recorded in KBr pellet is the sum of the spectra of KgSO^ and 
EH^Br rather than that of (NH^)2S0^. Thus the ion exchange occurs between 
CNH^)2S0^ tuid KBr. 



130 


APPENDIX 3.3 

— •I 

Frequency (V, in cm ), relative integrated intensity (l, in parentliesi s) 
and width (PVJHICE, in cm ) of Eaman and IR bands of microcrystalline 
ammonium sulphate at HP and LT. 


ilaman(Rr=300 ° K) 

Paman(LT=77°E) 

IE(RT=300'K) 

IE(M=120‘>K) 


(I) 

I¥IMI 

V 

(I) 

Fwan; 

V 

(I) 

jFVfHKE 

V 

(I) 

FWHMI 

i 

2 

5 

4 

5 

6 

7 

8 

3290 

( 5) 

60 

3306 

( 4) 

20 

5300 

(2.7) 

70 

3310 

(5.0) 

45 

5205 

(50) 

130 

3191 

(35) 

70 

3200 

(38) 

240 

3235 

0 0 

3144 

(80) 

140 

3117 

(30) 

75 



3160 

(8.0) 

35 



3047 

(35) 

50 



3O8O 

(5.6) 

60 

3039 

.(40) 

140 

3025 

(40) 

30 

3030 

(30) 

200 

3040 

(6.0) 

50 



3004 

(35) 

30 



3010 

(5.5) 

55 



2922 

(25) 

80 



2930 

(5.6) 

60 

2881 

(45) 

160 

2845 

(15) 

70 

2840 

(14) 

140 

2855 

(4»7) 

70 







2110 

(0*3) 

20 



2048 

df 



2060 

(0.3) 

20 



1820 

df 



1830 

(2.5) 

80 


contd. 
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Appendix 3«3 contd. 


1 

2 

5 

4 

5 

5 

7 

8 





1790 

(1.2) 

90 

1782 

(2.0) 

60 



1714 

(1,0) 

20 

1700 

(0.8) 

70 

•i1710 

(0.5) 

15 



1683 

( 1 . 0 ) 

10 



1682 

(0.6) 

20 

1671 

(10) 

50 

1673 

( 1 . 0 ) 

10 







1490 

(0.5) 

15 



1485 

( 2 . 8 ) 

50 

1460 

sh 

1469 

(0.5) 

15 

1460 

( 9 ) 
60 

1465 

(5.5) 

25 



1446 

(0.5) 

15 



1445 

( 1 . 8 ) 

20 







um 

( 1 - 5 ) 

16 



1423 

( 1 . 0 ) 

15 



1425 

( 2 . 1 ) 

16 

1414 

( 6 ) 

55 

1414 

( 1 . 0 ) 

10 

1410 

(15) 

55 

1405 

(4.2) 

25 





1570 

( 5 ) 
40 

1565 

( 1 . 8 ) 

60 



1162 

(0.5) 

10 



1150 

( 2 . 4 ) 

20 



1147 

( 2 . 0 ) 

20 



1140 

(4.4) 

25 

1100 

( Q) 

50 

1127 

( 2 . 0 ) 

15 

1120 

(21) 

70 

1120 

(4.9) 

25 

1060 

( 5 ) 

25 

1081 

( 2 . 0 ) 

10 

1065 

( 18 ) 

60 

1090 

( 0 . 8 ) 

55 



1047 

(2.0) 

15 

1018 

( 6 ) 
40 

1038 

(2.4) 

38 

976 

? 

976 

? 

972 

(0.02) 

C 

972 

( 0 . 2 ) 
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Appendix 5.3 contd. 


1 

2 

5 

4 

5 

5— 

7 

8 

618 

(10) 

25 

620 

( 5) 

10 

615 

608 

(10) 

30 

610 
* 609 
602 

(10) 

25 



612 

(10) 

20 







462 

(10) 

10 



456 

(0.3) 

6 

450 

(12) 

15 

450 

(10) 

20 



445 

(0.3) 

12 

357 


307 

359 

339 

(1.5) 

80 



570 

(0.3) 

20 



283 

df 





213 

sh 

222 

( 4) 

22 



m 




209 

( 2) 

10 





181 

sh 

196 

( 3) 

22 






54x 

170 

(1-5) 

20 





• 


127 

(2.5) 

18 





100 

sh 

100 

(2.0) 

22 







70 

(2.0) 

15 







65 

(2.0) 

12 







50 

sh 






^Fon relativeness of these values see the text. 
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CHAPTinR lY 

OPTICAL PHONONS ANP PEEEOELECTEIC 
PHASE TRANSITION IN 


ABSTMCT 


Laser excited Raman ^ectra of single crystal 
of (NH4)2BeP^ have "been investigated. These spectra 
have been analysed in terns of 180 phonon modes origi- 
natirg from different degrees of freedom of constitu- 
ting ions, under the unit cell approximation. The force 
fields describing the dynamics of crystallographically 
different N^4(l) and NH4(ll) ions in the crystal are 
observed to be identical to a good approximation. The 

fundamental and Vo + "O. combination modes of NH^ 

3 <^4 4 

ions exhibit considerable mixing with each other as a 
result of resonance interaction between the two. 

The IE spectra of microcrystalline (NH^)2BeP^ 

in its both paraelectric and ferroelectric phases axe 

4* 

examined. The observed spectra of NH^ ions in this 
crystal closely resemble wilfa those due to these ions 
in isostructural (NH4)2S04. Indications are observed 
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for the existence of proton tunnelir^ along the strong 

TS-E...F bonds in the crystal below T . 

c 

2 — 

The ion, which has alniost a tetrahedral 

structure in paraelectric phase, acquires considerable 
distortions in ferroelectric phase. The temperature 
dependence of the integrated intensity of mode of 

Q 

ion indicates that the transition is close to 
being of a second order. The nature of phase transi- 
tion has been critically discussed in view of all the 

known facts about the crystal* It is concluded that 

2 - 

the contributions of ion to the ^ontaneous 

polarization of the crystal can not be neglected and 
tlB mechanism of the phase transition is not as simple 
as order-disorder type involving reorientation of only 
ions. 

4.1 BITEOIiCrCTIOIi 


Ammonium tetrafluoroberyllate, (l 3 H^) 2 BeF 4 , is a colourless 
oonnoind havi.« molecular 121.09 ard apeoific gravity 1 . 66 }. It is 

Isotruotaral'’ »itt. (1^^)2304 ('iiadassea in the preoeeaing ohaptar). 

and (HH4)2S04 exhibit various sinilax and dissimilar propsrtiss, 
e.g! ( 1 ) Lth are hi^y soluble in water and insoluble in alcohols. 

(ii) (HH4)2M4 =‘ 1 -“ ferroelectric^ telcw 176 »K showing ^ontaneous 

polarisation along b-axis^ which makes 90° angle from the similar aosis 
(i.e. o-axis) in (^4)2604. (iii) Curie constants^ for both crystals 
are found to be of 1 he order of 10 *K. (iv) Although, the transition in both 
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crystals is of first order, the hysteresis curve iust above T is observed 

c 

to show a double loop in case of while a line shape in case of 

these considerations, studies of (NH^)2Be5'^ are as iii^jor- 
tant as those of (EH^)pSO^. However, the former crystal has been subjected 

to vex’y limited investigations ons its crystal structuxe^’ , its 

j- T 4. • 25455jl3~l5 - , 14-17 18—20 

dielectric , thermodynamic and birefringence properties, 

21-23 

its ferroelectric domains and its KME spectra providing informations 

about the dynamics of proton^^"^"' , deuteroi?^"^^ (in deuterated analogue) 

and fluorine(l9)^^» The IE absorption spectra in 250-4000 cm have so far 

9 

been studied for microcrystalline samples of (lIH^) 2 Be;^hy Tedenac and Got^ 

24 

and Blinc and Levstek without attexapting their analysis. No report is 
available on Eaman and neutron inelastic scattering spectra of this crystal. 
Thus extensive investigations are needed for better understanding of the 
dynamics and properties (EH^) 2 BeP^. 

Here we report Ihe detailed study of Eaman spectra of siigle 
crystal and IE ^ectra of microcrystalline sample of (NE^) 2 BeE^* The 
temperature dependence of SWC thermo- sensitive IE hands has also been 
attend ted. 


4.2 CEYSTAL STHJCTUEB 

The crystal structure of (lJH^) 2 BeP^ has been investigated using 
X-ray^'^”"^*^, electron^"* and neutron"*^ diffraction methods. Okaya et al^ 
reported that ihe crystal of (M_^) 2 BeP^ exhibits super structure. However, 
all later report contradict -the existence of super structure and 
support -the results of earlier studies . Accordingly, it is believed 
that the tetramolecular unit cell at ET belongs to the orthorhombic syston 



having (Pnam) space group qpmetry isoEorphous to that of (ffii ) SO • 

424 

The crystallogrsphic axes are found to he a = 7.64I + .005, h = 1 0.457 — 

0 

.003 and c = 5*922 + .003 A. Soma confusicn arises in the literature of 
I^SO^. typo crysiR.is owirg to variations in axial notations. Per ortho- 
rhom'bic crystals the axial notations should follow tae convention’^ c<a<'b 
"vdiich we ha.ve used in the present study. Prom the iso structural "behaviour 
o± ^^^4 ^2 ^^4 l^^ow that (i) both 3.nd ions 

occupy sites in parades trie phase while sites in ferroelectric 

phase and (ii) the unit cell contains two crystal lographically inequivalent 
iesns desigiated as KH^(l) and NH^(Il)- This is corroborated by ihe 
icagnetic resonarce studies, e.g.^*^. 


4.5 PHONON bh;inches in the CEYSEAL 

The dynamics of (NH>)„BeP. crystal can be understood in terms of 

4'<; 4 

180 phonon branches (177 optical + 5 acoustical) arising from different 

2 

normal modes of NH^(l), NH^(ll) and BeP^ tetrahedra. The IE and Eaman 
activity and the description of the normal modes of such tetrahedral units 
have already been discussed (cf section 3»3)* 


4.4 classipication op phonons 


It is evident that (NH^) 2 BeP^ crystal can be obtained on replacing 
SO^- ion in (lOPjSO^ by Thus the classification of 180 phonon 

modes in (NH. )«BeP. can be found in Tables 5.2 and 3*6 for its paraelectric 


phase and in Tables 5.5 and 3*7 for ferroelectric phase. However, it must 

2 - 

be noted (while consulting these tables) that every mode of SO^ ion is to 

2 - 

be considered that of BeP^ . 

Bomay and ¥. Nowacki, Crystal Data, Geological Society of An^rica, 
Memoir 60, New York (1954)* 



4.5 FOMS 0? EiJ'L.H T'S^SOR C0!:rC'"Fyf3 

Th'-: forms of Ea,nia.n tensor conjionents discussed in section 5.5 
useful fcr the stue^/ of Raman ^ectra of (M^) 2 BeF^ crystal, sirce this 
crystal is iso structural with (m^) 2 S 0 ^. Iherefcrc, here also the six 
different ^ectra recorded in appropriate geoae tries may be sufficient 
to vstudythe Raman acti-ve phonon modes. 

4.6 SXPSPlMi?NI‘iL 

a. Purification of Sanple 

( 1 IH^^) 2 BcF^ was obtained from Ufa Inorganics Inc. Massachusetts. 

It was purified by its crystallizaticn several times from the aqueous 
solution prepared in distilled deionized water by slow evaporation at El 
(v^JOO'K). 

b. Growth of Single Crystal 

Single crystals of (HH^) 2 BeF^ wore obtained by seed su^ension 
technique using the solution of the purified sample, which was allowed to 

5 

evaporate slowly at RI. A good single crystal of about 2 x 20 x 12 mm 
size was obtained in about a month. 

c. Determination of Crystallographic Axes 

The crystal logrspthic axes were first identified by using the 
knowledge of crystal mcrphology^^. The existence of perfect cleavage along 
(100) planes helps considerably in this- identification. The axes thus 
determined were confirmed by X— ray diffraction method (laue pattern). 
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d* Scan of Ect^man Spocfra 

Tvjelvo ^ectra were recorded in different geometries (cf Fig.2.7) 

O 

usiiqg 4880 A eaissi 3n line from an argon ion laser as a source of excitation. 
Spex-1400 double mono ch no mat or was used tc analyse the scattered radiations. 
Detailed discussions are given in section 2.7 and 2.8. 


e. Scan of IR Spectra of Microcrystalline Sample 

The IE spectra of microcrystalline (PH/)^BeF. were recorded in the 
manner as discussed in detail for (M^)2S0^ (cf section 3.7d). 

4.7 REOJLTS .\ND DISCUSSIOE 
I. EiMAK PHONOIS IN SINGLE CRYSTAL 


a. Observed Spectra 


As expected theoretically for a crystal of D2j^ symmetry, six 
different ^ectra were observed c orresrponding to six independent components 
of polarizability tensor. Representatives of these ^ectra are shown in 
Pigs. 4.1 to 4.4. In these figures aa, bb, cc, etc. represent Ihe polari- 
zation characters of the ^ectra,while etc. represent -tAie corres- 

ponding symmetry species cf D2j^ point group. 


Pig. 4.1 depicts spectra in N-H stretching region (i.e 270O - 
3500 cm ). The dotted curves represent the resolved band structure, 
having Lorentzia ' shapes. Spectra of A modes characterizing aa, bb and 
CO polarizaticns are shown in Pig. 4.2, while those of ®2g 

modes (characterizing ab, be and ca polarizations re^ectively) in 
Pig. 4.3. In order to visualize the details of lattice mode region, 



rf'Cor^ii.d irj a-ppropriato conditions are shown in Pig. 4.4. 

h. Frequency, Wi'‘th and Intensity of Bands 

iripi.'Oniiz providos the frequency (V), relative integrated 

intonsiby (l, in parenthesis) and width (Fl^HMI, JbiO') of various hands in 

oh served spec tro. . The V "valuiis are accurate to within + 2 cm for sharp 
-1 

haijtls and + 10 cm for "broad bands. The I values were first determined by 
mltiplyin^ "tin; C';rrecp ending AV and peak height of bands. These values 
as given in the appendix arc relative to an arbitrarily chosen intensity 
10 of a band appearing vdthin 5230 + 22 cm and the other appearing 
wit’-dn 1688 + 11 cm””^ for bands of 3500 - 2700 cm""^ and 1800 - 30 cm"'^ 
regions respectively. The errors in I values lie within 5^ for well 
developed strong bands and 20^ for weak, broad and manually resolved bands. 

c. Assignments 

The assignments for observed Raman shifts are given in Table 4»1 • 

The avoracc, freqaonoies (V^,) of assigned nodes are given in eolunn 9 of 

this table. The V values of single phonon processes have been used 

av 

to coDiJUtu the harmonic frequencies of multiphonon processes (HPMP) which 
are g'iven in column 10. 

As found in (M4)2S04» a critical examination of observed Raman 
spectra of (KH^)2BeF^ reveals that and exhibit almost 

identical force fields. The spectra may therefore be analysed as arisxng 
due to one 1yp® ^^^4 approximation* The modes of and 

have been distinguished "by using superscripts n and b, respectively. 
Though a detailed discussion of IR ^ectra of micrccrystalline (^4)2®®^4 
would be made in section 4*7(11) bat 1iie observed spectra (of Pig. 4-5) 
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and bajid positions (of Table 4.2) may be referred in the following 
discussion. 

Internal Modes of lonJ In 5500 - 2700 cm“^ region, the aid 
— . — t 1 5 

fundamaitals are ^pected alongwith 2S>^, and 2h)” modes. It 

is oboorved "that four Toa/Xids centred around their average frequencies 

av 

at 3228, 5'125, 5040 and 2858 cm appear in this region. This becomes more 
clear when band envelops obsen'ved in ^ectra (cf Pig Z."!) of different 
polarizatiais are resolved into Lorentzian components. Por convenience of 
the discussion bands observed in this region have been designated as w-, 

X-, y- and z- bands (cf column 1, Table 4.1 ). 

The X- bands appear as the strongest bands in aa, bb and cc 
polarized spectra. These bands have been associated with mode as it is 
expected to be stronger than all other modes falling in the N-H stretching 
region of these spectra. This assigniiEnt is also corroborated by the fact 

-t 

that any strong band does not appear near 3125 cm in IE ^ectra whore 
this mode is forbidden for tetrahedral ion. The classification of 
phonons arising due to this mode also allows its one component in ab 

-1 

polarized spectrum where it may be assigned to weak x- band at 5122 cm . 

The spectra of be and ca polarizations also indicate the appearance of weak 

~1 

ba-nds near 3153 ^1*3. 5I6O cm , respectively. One of the origins for these 

bands could be the ^ilover of strong band from other polarizations. 

The z- bands = 2858 cm” ) may be associated with 2'0 ^(a^ + E + + P 2) 

-■1 

having computed harmonic frequency, 2864 cm . 

The remaining w- and y- bands are re^ectively observed to have 
1 

\? = 3228 and 304O cm . According to the theoretical analysis 

BN" 

(cf Table 3.7), both these bands in ^ectra of A^ and modes can be 
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associated with components of mode of appropriate symmetry p However^ 

mcodc has only one conponent of each of the and species, there-* 

fore one of the w- and y- hands mast have some other origin* Here we note 

that the cemputed harmonic frequency of ^3112 ) falls 

reasonably closo to the contre (^ 3^34 cra""^) of w^ and y- bands* This 

indicates that Pg oonponent of vj + possibly 

undergoes Fermi interaction with fundamental. Thus w- and y- bands 

have been associated with mixed modes (designated as PJi.(l) andF.R*(ll)) 

of and \)2 + *^ 4 * Since the w- band has more intensity on the average 

n 

in conparisoi to y- band, fundamental may be regarded as having more 
c entribu ti on to F.E.(l) assigned to the former band. The unperturbed 

3 

is also considered to be more close to the w- band i.e. higher than the 
•*'i 

centre ('^3a4 cm ) of w- and y- bands. Thus has higher frequency 
n 

thanV^ in the ET phase of (NH^)2BeP^. This is an usual observation but 
is different from that (*0^ observed in the isostructural (1JH^)2S0^. 

Unlike (NH^)2S0^ a sharp intense band like the v- band (5292 cm ) is also 
not observed in any epee tram of (NH^)2BeF^. This perhaps indicates that 
the observation of v- band was correctly correlated with the observation 
of in (lffl[^)2S0^ crystal. 

The \>2 mode has been assigned to bands centred around 1688 cm . 

In spoctra of aa, bb, cc and be polarizations, this mode exhibits a single 
band. However, in ab polarized spectrum two distinct bands are observed 

— •I 

at 1679 and 1720 cm and in ca polarized spectrum, the strong band of 
1 —1 

1678 cm” has weak shoulder at I7O8 cm . Under the assumption of ideutical 
force fields for NH^(l) and KhJ(II) (as it seems to be censistent with 
observed spectra in other regions) both these bands of ab and ca _ 
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polai‘i2iatioiis can not bo attributed toV2 since this mode is expected 

to show only one.* cc^mponent in each Raman spectrum. However , all frequencies 

"1 

1679> 1720, I678 find I7O8 cm are quite roasonalale for Og mode in view 

of itr> 1685 cni frequency for isolated xor?'^ . Moreover, the other 

4 

n n 

possihle mode + 1 , which could be assigned ^to 1720(ab) and 1708(ac) 

— ^*1 

cm bands, is observed at 1795 cm in IE spectrum (cf Pig. 4*5b)- This 

indicates tint the assignmait of + 1^ mode for 1720(ab) and 1708(ao) 

-1 

cm ic not nr)re appropriate. Thus it seems more reasonable to state that 
those bonds also arise due to and the assuniption of identical 

force fields for NhJ(I) and does not hold here as an exception. 

The mode has been assigned to Ihe bands falling in 1415 ~ 

1459 range* The number of bands for in each spectrum are found 

to bo consistent with allowed number of coHiponents in each polarization 
ui^or ihe assumption of identical force fields for and 

ions* 

Internal Modes of BeP^" Ion: Qpist et al^® investigated Eaman ^ectra of 

(ro )9BeP in dilute aqueous solution and Li2BeP^ and in melt^. 

Prom the first spectrum the frequencies of V^, and modes axe 

i b 

reported to bo 548, 795 and 580 cm" , respectively? the mode, which 

-1 

is not observed in this spectrum has a frequency around 255 cm as 
obscxrved in other spectra. The following assignments of ihese modes of, 

BeP^” in (UH ) BeP are found to be consistent with these frequencies, 

4 424 

In our spectra of (NH^)2®®^4 crystal, the sharpest 

(HHMI = 11 cm"'') Hand appeals at 558 om"'' e^diibiting maailinam intensity 
in aa, tb and on polaiiaaticns. The intensity becomes veiy low m spectra 
of ab and bo polaiisaticns. Such a behaviour cf 558 om"^ band reveals 
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u 2- 

that it arises due to inode and indicates that BeP. exhibits tetrahed- 

ral gymmotry to a good approximation in paraelectric phase of 

This inference is confirmed hy its remarkably low intensity in IE- spectrum 

«4 T_ 

(cf Pig. 4.5135 the band at 553 erf ) . Thc»\)^ mode is group theoretically 

alluWGc] only in spectra of A and B, medes. Thorefere. it may be argued 

g 5g 

that very weak band at 558 cm in spectrum of iflodes arises due to the 
Epilovor of strong A bands. 


“ V 

h 

Theoretically, the mode must show two bands in each spectrum 

of Ag and B^^ modes while one in each of the B^^ and ®2g“ However, the 

observed, spectra of A^ and B.^^ modes show only one band having = 79'' 

crtT*' j no band is observed due to two B^^ and one ®2g oonponents in 

respective spectra. This observation maybe attributed to either the 

ihfl- 

overlap of 2A components o'r the low scattering efficiency ofy^absent 

® -1 
components. The strong IR band observed at 79O cm confirms this 

assignuBnt. 


The mode has been attributed to bands having > 0 ^^ = 588 cm . 

4 

Only cc polarized spectrum of Ag modes ^ews two allowed components 
separately at 402 and 58'1 cm . In other qpectra of Ag and B^^ modes two 
allowed components of this mode appear as a single band. The reason for 
it could he either the low scattering efficiency of one component or the 
overlap of both components of similar species. In be and ac polarized 
spectra, this mo^de has a single band (as expected) at 585 and 579 cm , 
respectively. This mode is also allowed in IR spectrum. Thus a good 
intensity band observed at 375 cm"’' (cf Fig. 4.5b) confirms this assignmait. 

One hand in each of die six Raman ^ectra is observed due to >>2 
around 273 cm’^ as expected group theoretically. This mode is not allowed 


\ 
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in IR spcicinB, undtjX' pcirfGct syiiiin6i}!ry of BeR^ . If may*^ ijliGi?6foi?G5 
assume only very weal: absorption which may be obscured by strong IR band 
arising due t('. traraslations of ion esq:, acted to fall below 250 . 

Add i 1 1 onal Ban ds l In addition to the above discussed bands, weak and sharp 
•*1 —i 

(FWHMI 8 cm ) iDands axe observed at 981 cm~ in spectra of A and 

g 5g 

-I 

modes. Very wcalc bands also appear axomd 463 cm in bb, ab, be and ca 

_1 

polarized spectra and arcxind 627 cm in aa, bb, cc, ab and be polarized 

spectra. The IE spectra (cf Fig. 4.5) also show additional weak bands at 

-1 

1100 and 620 cm . In view of the intensity and positions , these bands 

2 - 

in both Ramsin and IR spectra seem to arise due to internal modes of 30^ 
ion which, Ls probably contained as an inprrity in the commercially purchased 
sample from Alfa Inorganics. This impurity remained in the crystal of 
^®®4^2®°^4 after the repeated crystallization. The reason for it 

probably lies in the fact that (NH^)2S0^ and (NH^)2BeF^ are isostructural 
having almost equal lattice parameters. (NH^)2BeF^ was therefore purchased 
from K and K Laboratories, New York. This sample was also found to show 
SO^ impurity. Gravinietric analysis of sample (used in the 

present investigations) to find 30^ ion concentration following the usual 
method of BaCl2 treatment could not be possible because BaBeF^ also gets 
precipitated. The extent of impurity of 30^ ion was therefore estimated 
in the following manner. 

According to the informations furnished by Alfa Inorganics, 
the purity of their supplied lies bet»een 97-99?t. Oonsiaering 

the total impurity due to SO^" ion only as (1IE^)2S0^. i* shewn that 

SO^' oont«its in' our sample lie between 2.16 - O.T»- Bor the following 
discussion we consider it to be the maxiinum i.e. 2.18J&. 



145 


In the presence of this iupurity it is very much desirable to 

discuss its effects on observed spectra. Noting that BeP^“ and have 

moloculox weight arrund 85 and 96 am, respectively, it can be asserted 

that 2 cut of 100 ions are replaced by S0^“ ions in our crystal. In 

othur words every 12 unit cell contains one soj" ion on the average. This 

iinplies thaw ono bO^ ion from the other is separated by para— 

meters^ if uniform distribution is assumed. Additionally we note that 
2 - 2 - 

both Q-nd SO^ ions are tetrahedral units of the same ionic character 

and both (NH^)2BeF^ and (NH^)2S0^ are isostructural having almost equal 
lattice parameters. Therefore it would be reasonable to state that this 
impurity would not' affect the spectra of internal modes of NH^ and BeP^“ 
ions. This is also evident from the simple structure of bands arising due 
to STJch modes. 

+ 2 - 

Librational Modes of NH^ and BeP^ lonsi These modes are expected to be 
weak in both Raman and IR spectra, since for perfect T^ symmetry they are 
forbidden. In isostructral (NH^)2S0^»1^ modes have been observed in 570 - 
540 cm range (cf Table 3*8). In the IR spectrum (cf Pig. 4«5b) of 

(NE,)oBeP. , the combination + F appears at 1795 cm from which the 

n 

frequency of 1 mode is deduced to be 370 cm under the harmonic appro- 

-1 

xinBtion. No clear, band is observed around 370 cm in our Raman ^ectra 

of (NH^)2BeP^ perhaps because weak modes may be obscured by strong bands 

appearing due to (388 cm” ) and Vg (273 cm" ) on both high and low 

frequency sides. A critical examination of these spectra indicates three 

-.*1 

weak shoulders at 3l5(cc), 328(ab) and 3l5(ca) cm which are close to 370 
i 

cm” within the error limits of these frequencies and may therefore be 
attributed to modes. 
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Traiislations of ions: In isostractural t"" modes axe 

__j 42 4 

observed as strong'' Rainan bands in 170-210 cm"\ in view of this knowledge, 
t rnodes in have been assigned to strong bands having frequenr- 

cies lower than those observed due to \^2 ('^275 cm Such strong bands 
are observed in 145 - 197 cm“^ range. 

2 — 

Translations of Ions The trarslatory lattice vibrations t"^ in 

expected to have frequencies close to those of 

t (translations of SO^ ion) in isostractural (nh^) 2S0^. The t® modes 

-1 

appear as strong and distinct bands in 38 — 78 cm range in Raman spectra 

*u 

of latttx crystal (cf Table 3.8). Thus t modes in (lIH^) 2 BeP^ are assigned 
to the strong bands appearing in 30 ~ 60 cm range. However, these hands 

exhibit weak shoulders on their low and high frequency sides. These 

2 - 

dboulders perhaps arise due to SO^ impurity in our crystal. 

II IR SPSlTRil OF MICROCRYSTALLINE (NH^)2BeP^ 
a. Observed Spectra 

Fig. 4 . 5 (a) depicts the IR absorption spectrum in 40 OO - 250 cm 
range reconic'd in nujol mull of (NH^) 2 BeF^; ^ectra (b) and (c) were 
recorded for low scattering microcrystalline film of the sample at RT 
(va. 300“R) and Lt('^ 120®K), respectively. The base line in latter two 
spectra shifts downward with decreasing frequency on absorbance scale. 

This arises because of general scattering of the film. Choosing an 
appropriate base line, both these ^ectra were retraced on hrizental base 
and observed bands were appropriately resolved into Lorentzian coinponents 
in a manner shown in Fig. 3.8 £ox similax spectra of (NH^) 2 S 0 ^. 
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b. Frequency, Width and Intensity of Bands 

Frequency( V ), width (PWHMI, and relative integrated inten- 

sity(l) of ban's observed in IE ^ectra of microcrystalline (NH^) 2 BeF^ are 

— 1 

given in Appendix 4*2. The V values are accurated within + 2 cm for 

~1 

sharj) bands and within + 10 cm for broad bands. The I values as given 

in the appeneJix are relative to the arbitrarily chosen intensity(lo) of 
-1 -1 

bands at 790 cm in RT spectrum and at 800 cm in LT spectrum. These 
values may havo uncertainties of about 5/^ for isolated band and about 20?^ 
for manually resolved bands. 

c. Assignments 

In N-H stretching region of IE spectrum(ET), three bands are 

— 1 

observed at 5240> 5040 3^*4 2860 cm . First two bands have been assigned 

to Femi components, F.E.(l) and F.R.(ll), arising due to resonance interac- 

— T 

tion between fundamental and "^2 ''^4 combination modes. The 5240 cm 

band is slightly more intense than 504 O cm band which is consistent wi-tii 

our inference "that fundamental perhaps contributes more to F.R.(l) 

5 

falling around 5240 cm drawn from the analysis of Raman ^ectra. 

-1 . . 

In IE spectrum recorded at LT, 5240 cm band ^lits into two 
components at 5260 and 5180 cm”"' while 5040 cm"'’ band into three components 
at 5100 , 5055 and 2980 cm” . The sum of the integrated^j^of latter three 
components is observed to be more than that of the former two. This ] - 

pehhaps indicafes that in M phase v” fundamental contributes more to 
F.R.(ll) an4 its unperturbed frequency lies below the centre (VX 3140 cm ) , 
of F.R.(l) and F.R.(ll)* '^3 found to shift towards lower 

frequency side on cooling the crystal, indicating that Ekbonds in ferro- 
electric phase become more strong and unperturbed has frequency lower 
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XI V -| LD phau^e* It is perhaps corroborated by the obsei?vation of 

5515 cm band which seems to he analogoas to 3310 cm~^ band observed in IE 

spectrum (lt) of (hh^) 2 S 0 ^ indicating that the former band is also a conpo- 

nent I).C.(l) of doublet arising due to proton tunneling along strong 

bonds* The mode falling at 2860 cm in flT ^ectrum splits into two 

components at 2920 and 2850 cm in LT spoctrum. The \^2 which gives 

riso to weak and diffuse band around 1675 cm at RT, ^ows a weak but well 

shaped band at the same frequency, The\)^ mode at RT shows a strong band 

which seems to have three components around I465, I415 and I372 crrT^ six 

' components aro observed due to this mode in LT spectrum. The mode also 

shows a broad and strong band at 790 cm ^ in RT spectrum. The asymmetric 

structure of the corresponding band observed in LT spectrum indicates that 

-1 

this mode splits into three components (845 , 800 and 750 cm ) in ferroelec- 
tric phase. The strong IE band at 370 cm ^ both in RT and LT spectra arises 

b "*"1 b 

duo to mode while tho weak and sharp band at 555 cm due to mode. 

Row rcraaining weak bands are associated with multiphonon processes; the 

assignments of '^?2 + modes (cf Table 4-2) reveal that 1^ 

modes have frequencies lying in 360 - 380 cm region. 

Finally by comparing the Raman and IE spectra of modes in 
(NH^) 2 BoF^ mth rcsp.xstive ones iJi isostructural (RH^) 2 S 0 ^ crystal, 
we observe fhese spectra are identical to a good approximation* Rew 

diasimilaritifc s are: (i) that the unperturbed at RT in the former crystal 

has hi^or fre^ency than that in the latter, (ii) that mode in 

^ ‘h tn 

(lIH^) 2 BeF^ is o'^^Tved to have higher frequency than , while an opposite 

sitntJftion seems to accist in (NH 4 ) 2 S 0 ^, (iii) that the force fields descri- 
bing V 2 mode of M^(I) and HhJ(II) in ( 1124 ) 2^^^4 slightly different 
but axe almost identical in ( 1^^)2304 and (iv) that in ferroelectric phase 
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'Og mode shows single weak hand in IR ^ectrum of hut two weak 

hands in that of (^4)2304. From these observations it may he inferred 
that on an average the H-bonda in (m4)2BeF^ are slightly weaker than those 
in (101^)230^ and the distortions’ in both types of ions in former crystal 
are slightly different from those in the latter crystal, although the 
diff©XGinc0 docs Xiot oppsctir *to b© vsiy significant* 

III SPECTRA OF S0^“ ION IN (HH^)2BeP^ 

2 - 

As pointed out earlier, SO^ ion is contained by our investigated 

sample of (NH^)2®ol4 an impurity; on an average, the lattice positions 

of this ion are separated from each other hy 3-4 lattice parameters. 

Therefore, it may be argued that the correlation field interaction between 
2 - 

these SO^ ions would be negligibly weak and the static field potentials 
would mainly affect 1he dynamics of Ihe ion. The study of the modes of this 
ion may thus iDe used to sense the static crystalline fields at its sites 
in (NH^)2 BoP^. 

’■ih;- observed Raman spectra of single crystal (cf Fig. 4*2 and 4.3) 

exhibit sharp band of good intensity in each spectrum of A modes at 981 

© 

cm ; at thu same frequency a band of miserable intensity is seen in the 

spectrum of modes while no band in spectra of B^^ and B^^ modes. 

s 

Those bands arise due to mode. 

s *1 

Tory weak bands also appear due to \)^(627 cm ) in all ^ectra 
except the one of ca polarization. Equally weak bands also appear due to 
Vo ( 463 crnTb niode in bb, ab, be and ca polarisiations. It is interes- 

ting to note that Vg bands in ab, be and ca polarized ^eotra are more 
intense than V! in respective spectra. Such an intensity behaviour of 

4 - 

Vo and \>® modes is identical to that observed for these modes in Eaman 
2 4 
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spectra of (^^^2304 siiigle crystal in which SO^" ion has C ( (T’v) site. 

4 s^ ''ah'^ 

All these obsorvatims reveal that S0^~ ion also occupies C^( (j^^) ate in 
and goes sabstitutionally at the position of BeF^~ ion. 

II 


Ihc' node, which is not observed in Eane^n spectra probably 

because of low scattering efficiency, shows a tend of good intensity at 
-1 


1105 cn in rojiii iornporature lE spoctrum (cf Pig. 4.5b). A band of similar 

intensity ajjpears at 620 cm due to mode* On going to Iff, the former 

band splits into three components of slightly different intensity at 1122, 

-1 

1109 and 1092 cm and the latter does not show such structure. Thus the 

2 - 

distortions acquired by SO^ ion in ferroelactric phase lead to site 

s "*1 

symmetry splittings in which axe separated by 10 - 20 cm . The same 

order of separation in site symmetry splitted components of the similar 

mode may be expected. Thus -the observed total width (^^165 cm ) of 

.b 

mode observed in IE spectra may bo attributed to the correlation field 
interactions. Such a strong correlation field interaction seems to arise 

vb 

due to the strong polar character of V^. This inference may be corro- 

.b -1 

borated by the fact that non-polar V.] mode has a width of about 10 ©m . 

s -1 

The positive shift of mode by 7 cm in going from ET to Id? may be 
attributed to the difference in the crystalline fields in two phases. 


It may also be interesting to note that and (S-0 

9 

stretching) modes of SO^” ion in (M^)2jBeP4 ^la've frequencies equal to the 

free ion values within experimental errors, while the angulax deformation 

— 1 

V 2 ard '^4 modes are observed to be hi^er by about 10 cm . In view of 
the ion concentration ratio (BeI^*S0^ :s 98i2) in our crystal, 

the average Eaman intensity ratio (l(a>^):l( V®): :1O0M0) is consistent 
with more ionic character^^’^® of Be^* bonds in BeP^" than S-0 bonds in 

SO4 . 
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IV ?eeroel3:;tric phase irahsitioh 


a. Tempernturo Dependence of IR Bands 

The IR intensity of mode changes remarkahly with ten^jerature* 

Band contours observed due to this mode (having peak at 553 on-b canned 

-1 

over 575 "to 525 cu range, are shown in Pig. 4«6aj the changes in the 
integrated intonoity (l) with teniperature (T) are depicted in Eig. 4*6b. 
Closed circles on I vs# T curve correspond to the ten^jerature at which 
different coiitcurs, shown vertically above were recorded. 

. b 

Iho mode appears as very weak band near ET (cf contour recor- 
ded at in Eig. 4.6a). This mode eochibits a slow increase in its 

intensity on cooling the sample except in the temperature range 200 - 160 ®K 

in ■vAiich the rate of increase of I becomes noticeably faster. This behaviour 

.b 2- 

of mode indicates that BeP^ ion, which has almost a tetrahedral stinicture 

at ET, gets slcwly distorted on coolirg; distortions occur with faster rate 

26 30 33 + 

wilhin + 20° around T . Prom other studies ’ related only to HE. 

— c “4 

ions, we loam that th e structure and the dynamics of ions also under- 
go equally slow (if not slower) change around T^. Evidently, the major 
structural changes in (]S[H^) 2 BeE^, take place in a wide range of temperature. 
Althou^, the minor discontinuity must occur to account for the change in 
^ontaneous polarization by about O.O 4 fxc/csi suddenly occurring at T^; it 
is possible that these changes are not reflected in I vs T curve for 
mode examined by us. Thus our observations are consistent with the fact 
that the transition closely resembles with second order changes. 


b. Microscqjio Mechanism and Origin of Phase Transition 

Since the detailed informations are not available about the struc- 
ture of (MjoBeP., it is difficult to explore more adequately the 

4 c 4 
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microscopic mechanism and the origin of phase transition. However, from 
all known facts about this crystal, some conclusions may he arrived at. 

The hysteresis curves just above T^ exhibit double locp. It 
reveals that (i) the transition is basically of the first order, (ii) the 
driving interactions are of electrostatic type and (iii) the ^ontaneous 
polerization acts as the major conponent of the order parameter which may 
be used to deacribfttho phase transition. This makes it clear that origin 
of ferroelectric phase transition in (EfH^) 2 BeP^ is fundamentally different 
from that involved in the isostructural (lIH^) 2 S 0 ^‘ 

According to O'Reilly et al two types of ions have dipole 

moments of about 0.0 and 0.09D within th e c omparable limits of errors; in 

paraelectric phase these dipoles acquire disordered state and an ordered 

state in ferroelectric phase. This model, based on the order-disorder 

phenomenon, neglects the role of Bel^" ion in occurrence of transition in 

this crystal. O'Reilly et al^^ presume that the transition is acconpanied 

by the co-operative reorientation of ions in order to keep consistency 

between order-disorder phenomenon and the first order nature of the transi- 

26 

tion. Contrary to this presumption Miller et al have concluded that the 

dynamics of ions in (NH 4 ) 2 BeI ’4 can be described in terms of the motion 

of independent ions. Moreover, our present investigations reveal that 

ion has considerably larg.. distortions -at T^ which get enhanced on further 

2 - 

loworing the temperature. Therefore, contributions of BeR^ ion to Ihe 
spontaneous polarization at any temperature can not be neglected. Obviously 
the mechanism of transition in ihis crystal can not be as simple as 

33 

attributed by O'Reilly et al . 
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Hero wo note "that Be-F Bonds in the crystal possess ionic character 

as high as 7?-/^ which therefore deminates over the covalent character* 

2 - 

Bhus the dynaird.es of ion is governed by the electrostatic interactions 

to the li9rgor extort. This leads us to propose the following model for the 
phase transition occurring in (KH^) 2 BoF^ crystal. Accordingly, the relative 
displaconicnts of Bo"'*' and P~ions under electrostatic forces result in the 
existing phase transition. Thus the phase transition involves di^lacive 
type of mechanism. Under this model, the double loop exhibited by the 
hysteresis curve just above T^ and the sudden appearance of spontaneous 
polarization at T^ may consistently be rationalized. This model may also 
explain the followi 2 ag, properties which need coherent explanations. 


The Curie~¥eiss constant for this crystal is observed to be around 

^ 4,14 

15°K , vAiile for the well known displacive type of ferro elec tries (e.g, 

BaTiOj) this constant assumes a value of the order of According 

42 

to Devonshire , the Cixrie-Weiss constant under -the model based on the 
lattice dynamics of ferroelectric crystal, is given by 


C 


6bk 


... 4 * 7 ^ 


where N is the number of oscillatirg ions per unit volume, e is the ionic 
charge, k is the Boltzmann's constant, a and b are the constants, such that 
the potential energy (v) of oscillating particle is given by 

V = ax^ + ... 4.7b 

This indicates that C can have smaller values if the anharmonic constant b 

is larger. Thus the low value of C for (NH 4 ) 2 BeI '4 may he rationalized if the 

oscillations involving displacements of p“ ions (considered as the origin of 
imiplies that, ~i:^ BeP^" ion, Be and P atoms can he regarded as separate 
canticles of electrostatic charge 2e+ and e" respectively, to a good 
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transition under the proposed model) are highly aiiharmonic. Such an 
enharmonic character may he exhibited by modes involving di^lacements of 
F ions because; of interactions like H-bonding (K-H...F). 

The transition temperature for (in3^)2jBeF^ is reported to be 
higher by 5° than that for ('tJH^)pBeF^. This indicates that ions also 

play som; role in triggering the transition. It can he understood in view 

2 _ 

of the fact that the modes of BeF^ are not completely isolated from those 

"b *1 

of OTt ions, o.g. the '0^ mode falling around 275 cni may get mixed to 

4 C 

n ~1 

some extent with t ( ^200 cm ) modes. For this possibility we note that 
(i)'’undor mode only F atoms get di^laced from their mean positions 
in directions perpendicular to Be-F bonds and (ii) the and F ions 
have almost equal weights. Thus the desired mixing of di^lacements of 
f” and ions may he observed under the dominating ionic interactions. 

It is also noted that in crystals like where the dynamics of 

protons play the major role in triggering thte existing ferroelectric phase 
taransition in snoh crystals, shows considerably large shift on deutera^ 
•tion. For oranplo T,, in and EBjPO^CSU'K) are in 1.0:1.732 

ratio''! while the ratio of the square roots of proton and deuteron 
masses magnitude to 

a good approritBtian. On the other hand, for Clffip2Bef^(l76"K) and 
(H3)^)oBeF^ {179-K) are in 1.0:1.017 ratio which is more close to that 
(1.0:1 .098) of square roots of m* and TO* ion masses in comparison to 
4:m| = 1.0:1.414. This supporta our model indicating that the soft mode, 
Which may describe the phase transition in (m,)2BeF,. has some contribu- 
tion from trahslatory modes of ion but is not consistent with the 

* T 7 x-i.- qnuare roof of the mass of a particle has more 

In vibrational motion the square 

significawie than other roots. 



order-disorder typo of mechanism involving orientations of ions*i*e. 

4 ^ 

the tte displacements of protons around the fixed I atom. 

The transition does not affect the line vidth and the second 
?4 

moment of PMR sooctram of (NH^)2BeP^. It indicates that the average 

environment of protons above and below T is not different. This fact 

c 

may iinfily that the dynamics of protons does not play the major role in 
't^^iSffcring the transition. Thus the sites do not seem to be the centres 

of the major drivirg interactions for the transition. On the other hand 

2 - 

such interactions mi^t be centred at BeF^ site as indicated by the 
following observation. 

In Fig* 4 « 6 c, we have shown the IE band contours (II4O-IO4O cm ) 

recorded at different temperatures around T . As already discussed, these 

c 

2 - 2 - 

bands arise due to mode of SO^ ion occupying BeF^ site in the 

investigated ^ teii5)eratare arcund 253°K, the contour 

shows no structiiro but two components are clearly seen near T ; initially 

c 

below T , the hi^er frequency component diows relatively more increase in 

c 

I than that of lower frequency componeit. However, on further lowering the 

tomporature, the former conponent splits into two and the latter exhibits 

relatively more increase in I. These observations reveal that crystalline 

fields at the site of BeF."" ion starts changing well above T and the site 

4 ^ 

s. 

symmetry of this ion is effectively lower in ferroelectric phase in 

comparison to that in paraelectric phase. Thus the transition in 

seems to bo initiated by “the interactions centred site; the 

ions follow an appropriate change. The fact that the changes in birefrin^ 

20 

gence in (KH ) BeF. at T can be accounted for as electro-optic effect , 

^ 4'^2 4 ^ 

also siapports our model. 
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4.8 COHCLUSION 

Tho Eai}i3J:i spectra of single crystal and IR spectra (40OO - 25O ch""^) 
of microcrystallino sample (RT) of are found to be consistent 

with tho fact that this crystal has the same structure as that of 
The IB cipectrij.ni recorded at LT can also be consistently analysed in view 

9 

of the o])aco group symmetry of (NH^)2BeR^ in ferroelectric phase. An 
extensive analysis of observed spectra indicates that the fojxe fields 
describing 1ho dynamics of crystallographically inequi valent and 

ions are identical to a good approximation, frequencies of all 

2 - 

modes except the librations of BeP^ ion have been determined. Only "Bie 
\ % H” 2*“ 

IR active v, and V, modes of both NH. and BeF. ions exhibit strong 
5 4 4 4 

bands in IE spectra; and ^2 modes show very weak IE bands at both 

500 and 120 ‘’K indicating that both ions have minor distortions in their 

T. structure. But tho distortions seem to be sufficient to account for 
d 

the spontaneous polarization in the crystal. 

2 - 

The contribution of BeF^ ion to the spontaneous polarization is 

not negligible. The driving interactiens of the transition are mainly of 

2 - 

electrostatic typo and seem to be centred at the sites of ion which 

triggers the transition and ions follow an appropriate change. The 
order parameter needed to develop the phenomenological theory of ihe 
transition may have several conponents but the ^ontaneous polarization 
acts as its najor conponent. It has been shown that the mechanism of 
transition is not as simple as order-disorder involving NhJ dipoles. It 
seems rather of displacive type involving displacemenisof F and 10ns. 



The coft mode which may describe "the phase transition appears to be a 

mixed mode having major contribution from the modes involving di^laceroents 

of F ions; mixing uf modes involving displacements of Hit also needs oon- 

4 - 

sideration. d'ho flmdamontal difference "between the mechanism of transitions 
in tMs crystal and the isostructural (NH^)2S0^ lies in the fact that 
Be-F "bonds have ionic character to a large extent, while the S-0 bonds are 
covalent to a hi^ degree. 
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Raman phonon frequoncies (in cm ^ ) oBsenved in 
spoctra of the single crystal of 

jQ ^ ‘ t) 

(l’'l}^p(t ) denotes ml tiphonon processes involving t •) 




A 

s 


B, 

3g 

1g 

2g 

Assign- 

ments 


HSMP 


a:i 

bb 

cc 

ab 

be 

ca 




1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

w-bands 

5220 

3255 

3244 

3209 

32O8 

5252 

B.R.(I) 

3228 

5112 

x-hands 
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TABLE 4.2 

-1 

Phonon frequencies (in cm ) observed in 
IH spectra- of microcrystalline (^11^)236?^ 





Frequency (cm' 


Fig. 4. 2 


an bb & cc polarized Raman soectra of(NH^)2BeF^ 
Single crystal below 1800 crff 








250 




Absorbance 



Fig - 4 . 6 Temperature dependence of IR (a) band contours and 
(b) integrated intensity (I, in arbitrary units) of 5)i(BeF4) 
in (NH4)2 BeF4,and (c) band contours of ^>3 mode of 
5O4" in (NFt4)2 BeF4 



168 


APPENDIX 4.1 

Prequency (V, in cm ), relative integrated intensity (l, in parenthesis) 
and FWHMI of Raman hands^ in ^ectra of single crystal of (fIH^)2BeP^ 
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Appendix 4*1 contd. 
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’^Obtained after Lorentzian resolution (although not shown in Pigs. 4*2 - 4 * 4 ) 
of observed spectraj for relativeness of I values see the text, sh = 


shoulder . 
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Itrequency (V), relative integrated intensity (l, in 
parenthesis) and PWHMI of bands observed in IE spectra 
of mic roc ystal line )2BeP^. (Por relativeness of 

I values see the text, df = diffuse and bd = b^fload). 
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CHAPTER Y 

OPTICAL PHONONS IN O(-NiS0^.6H2C CRYSTAL 

ABgPRACT 

This Chapter reviews some earlier hat important 
investigations dealing with the dynandcs of H2O molecule 
in crystal hydrates and summarizes the up-to-date studies 
of 0^-NiSO^ • ^HgO (henceforth abbreviated as NSH) in the 
introduction* The investigations reported here deal 
with the lattice dynamics of NSH. 

The dynamics of this crystal has been discussed 
in terms of 288 phonon modes under the unit cell approxi- 
mation. These branches have been described in terms of 

internal and Ubrational modes of 1^0 molecules, internal 

0— / W\24- 

modes of SO^ ion, quasi-intemal modes of (NiO^j 

conplex ion (O^ represents 1^0 as a single particle) and 

libratoiy and translatory external lattice modes of the 

crystal . 

On the basis of consistent site ^rmmetry 
corxolst'fcioBSi i't has hesn that (HiOg) po^t of 



17 -' 


r* 

the |jiri(OH2)g'2 conplex heaves as a quasi-molecixLe 
having symmetry; the intermolecular interactions 
involving H atoms in this conplex are too weak to affect 
its dynamics hence these atoms ma,y be neglected . 


A symmetry classification of 288 phonon modes 
has been presented usirg both unit cell and site bio- 
metry approaches. 

‘¥r¥r 

Laser Raman spectra of single crystal have 
been recorded at RT and attributed to phonons origina- 
ting from the Raman active modes of isolated 
SO^ (T^) and (Ni0g)^"'*(0j^) units. A discussion has been 
made on LO-TO splittings of polar phonons of E b>6cies 
of point group (the symmetry of NSl). 

IR(ATR) spectra of single crystal of USE' have 

-1 

also been recorded in 250-4000 cm range, Inportant 
features of these spectra arc discussed. 


IR ^ectra of microcrystalline USE and its 

deuterated analogue have been measured at Rl in 

-1 

250-4000 cm range; LT spectra of microcrystalline ESE 
are also discussed^. Librational modes of 1^0 molecules 
which appear as weak and diffuse bands in Raman ^ectra 


^iiccepted for publication in Appl. Spectroscopy. 

**Presented in the Synposium on Quantuim-Opto-Electronics 
(bARG), Bombay (1974) and accepted in J. Raman 
Spectroscepy. 

^Published in Proc. Kuol. Phys. Solid State Phys. 

(BARC) Chandigarh, 15c > 485 Cl972). 
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e3!iiiTDit 9 strong bands both at ET and LT. These modes 
exhibit remai’kable enhancement in their sharpness and 
peek intensity* A simple model has been used to conpute 
the force constants involved in libratory vibrations of 
H 2 O ruoloculos. 


5.1 INTEOEUCTIOI 

Tho studies of optical phonons in hyOnates of different metal 
confounds have received due attention in recent years. Such studies 
provide informations about interactions like metal-oxygen co-ordination 
and H-bonding which determine many bio-physical and bio-chemical processes 
as well as the properties of investi^ted system. These studies can 
also answer the central question whether the hydrate-ooinplex consisting 
of water molecules surrounding a central metal ion can be regarded as a 
quasi-molecule for its dynamical behaviour in its crystal lattice. 
Additional interest in these studies arose since it was shown by Heber”' 
that the electronic excitation energy of rare earth and transition metal 
ions in hydrated crystals is transferred to the lattice via the vibra- 
tional excitation of the shell of water molecules. The relaxation times 
of the excited electronic states are thus determined in part by the 
density of the vibrational states of this surrounding shell. 

One more reason of interest in IR and Raman studies of hydrates 
of different metal conpounds has been the aim to find some eniperical 
relations be tween observed frequencies, widths and intensities of diffe- 
rent modes of H 2 O and appropriate paraijeters like length of 0-H or 0-H...X 
bonds, angle between two 0-H bonds, etc. Attempts in this direction 
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have been made by several workers. For escample; (i) Glemser and Harter-t^®" 
demonstrated that 0-H stretching frequency decreases monotonically with 
decreasii3g (0H....0) distance in hydrates, (ii) lucchesi and Glasson^^ 
have observed an inverse relation hotween the stretching and "bendiiiig 
frequencies of hydrated water, (iii) Ilartert ^ reported a correlation 
between the symmetry of the water environment and width of bending mode, 

(iv) Saumagne and Josien^'^, Saumagne^®, Glev^^ and Bellamy et al^^ have 
related symmetric O-H stretching with asymmetric 0~H stretchi 33 g mode for 

wide class of hydrates, (v) Game has concluded that a linear relation 

-1 

exists between frequency of librational band appearing around 700 cm and 

cation-water distance showing that such modes are considerably influenced 

2i 2i 

by this distance. Yan der Elsken and Robinson and Schiffer have also 
commented over this inference. 

However, all the proposed correlations do not hold good in general. 
Reasons probably lie in the facts thatJ (i) all the vibrations of a 
molecular unit are more or less affected by different parameters? the 
effect of a single parameter is difficult to isolate and (ii) the corre- 
lations are based on data and assignments which thsnselves are sometimes 
incorrect and ambiguous. Obviously, it is understood that better 
correlations are only possible when utiamhiguously analysed data of better 
quality aro available. In extensive programme has, therefore, been 
initiated in this laboratory to make detailed and careful investigations 
of IR and Raman spectra of hydrates of transition and alkaline earth metal 
conpounds. KgH is one of the systems undertaken in -this programme. 

The blue coloured has molecular wei^t 262.68, ^ecific 

gravity 2.07? it is hi^y soluble in water, alcohols and ammonium 
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hydroxidcj. KSH, in one or more forms is widely used as catalyst 

5 6 

optical filters in determination of the emissive power of a laser"^, 
etc. 


For WSH extensive investigations have earlier "been carried out 
on optical ahsori^tion®"^^, optical activity’' magneto- optical 
activiiy'^®’''^’'^^"^^^, circular dichroism^°’^^’^'^»55-58^ thermodynamic 
magneto-thermodynamics^'^”^^, magnetic susceptihility''^’'^^"^^, kinetics of 
dehydration , crystal structure “ and crystal dislocations ' » . 

Pew reports are available on the study of birefringence^^, WsJ^ , 

71 72 

fluorescence and neutron inelastic scattering phenomena in this 

7^—81 8 ^ 

crystal. Tliu IR absorption and Raman scattering ^ have also 
been investigated by several workers. However, results of IR and Raman 
studies either do not cover the full range of phonon frequencies or are 
not of good quality. Moreover, the results have not been conprehensively 
analysed. StiMC of several possible reasons for it mi^t have been the 
followiiogJ 

(i) NSH is optically active, when laser sources were not available, it was 
necessary to illuminate a large volume of the 'crystal to obtain sufficient 
intensity to record its Raman ^eotra. Large crystal dimensions allow 
appreciable angles of optical rotation resultin^considerable depolari- 
zation errors in spectra. 

(ii) The point group symmetry of 1iie crystal has E representation. 

Modes belonging to E are simultaneously Raman and IR active. 'Vfiien such a 
mode is observed in Raman effect, the long range electric field associated 
with the vibration splits the phonon into a transverse and a longitudinal 
conponent of different frequaicies. This conplicates the already 
enriched Raman spectrum. 



176 


(iii) In most 11 and laman studies ISH has "been chosen as one member of 
a £jroup of similar hydrates and, therefore, it ho-s not been subjected, to 
intensive investigations. 

To clarify several ambiguities and discrepancies in results and 
up-to-date a.-:signmunts, we present the results of our II and laman 
investigations on a single crystal of KSH. ¥e would also discuss the 
important features of ATI spectra recorded for the first time. H spectra 
of microcrystallino ISH and its douterated analogue have also been studied 
particularly to make unambiguous assignments of librational modes of H^O 
molecules. 

. 5.2 CRYSTAL STHJCTURE 

The positions of Hi, S and 0 atoms in the crystal lattice of HSH 

have been determined by several workers using X-ray diffraction methods 

The locations of H atoms have also been investigated by enploying two 

66 

dimentional neutron diffraction method . The crystal belongs to 

4 8 

or D^(4 j 2^2) space group symmetry of tetragonal (422) system. 

Pour formula unit cell of the crystal appears as shown in Pig. 5*'l 

which depicts the locations of different atoms projected in (001) plane. 

Circles of different radii in decreasing order of magnitude (i, a, in order 

84 ° 

of the atomic radii ; 1.15, 1.04 and 0.74 A of Ki, S and 0, respectively), 
represent those atoms in the figure. The structure appears to be stacking 
of equal number of [11(012)^'] octahedra and SO^ tetrahedra. The 
numbers 0, I/4, 1/2and 5/4 in this figure denote the heights of the 
cental atoms of these polyhedra in units of c. The crystal exhibits 
perfect cleavage along (001) plane. 
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The crystal data reported for the deuterated analogue of NSH and 
relavent to the present discussion are given in Table 5«1* T'rom this 
table, it may be learnt that the crystal contains three crystallographi- 
cally inequi valent water molecules which may be designated as E20(l), 

HgOCll) and H20(lll). Columns 5-5 of the table road the bond lengths or 
the distances between two bonded particles. All the molecules have bond 
angles (cf column 6) greater than tha,t in vapour phase (104.52®) and 

QC 

closer to that in ice ('^109. 5°) The Ni...O distances lie in 2.02- 

2.04 values from Bef. (66) are fiver in colurn 7, Table 5*1 • 

5.3 PHONON BRMCHES IN THE CRYSTAL 

The dynamics of NSH crystal can be described in terms of 288 
phonon branches including 3 acoustical ones under the unit cell approxi- 
mation. These phonons must originate from the normal modes of molecular 

units in the unit cell. According to the crystal struciure the lattice 

n 2+ 2— 

contains two molecular unitst |^Ni(CH2)gj SO^ . 

A critical look into oxir observed spectra and earlier IE and 
Raman studies®*''®'^’®® on similar compounds provides definite evidences 
showing that the [Ni(0H2)g] complex behaves dyoamically like a mole- 
cular unit. However, the correct symmetry behaviour of the complex, which 
is of vital importance for the unique explanation of spectroscopic 
observations and the chemical and physical properties of crystals contain- 
ing such complexes, is not well understood. The detailed discussion 
presented in Appendix 5-1 concludes that (NiG^^^ part of the complex 
behaves as a molecular unit of 0^^ point group symmetry; represents the 
water molecule as a single particle. It also reveals that for librational 



and internal modes, each molecule of the coiigp'lex behaves as separate 
entity. The 288 X)horions in KSH crystal can, therefore, be understood as 
oriffinaiint* fr^im libra tional and internal modes c£B20(l) , H2C(ll), H2C(lIl), 
SC^ and and translations of the last two units; translations of 

H2C niolociilfcs aro ‘'.c Counted for by modes of i.KiC^)^'^. Tor convenience of 
di scu'.’.iion i.'oUes '>f 112^-- molecules, SC^ ion and (iJiCg)^"*” coraplex would 
he distii-if-ruished hy using superscripts w, s and c, respectively. The 
dGscTiyjtiono of the normal modes of these units may be discussed in brief 
as follows. 

a. Normal Modes of H^C 

The H^C molecule in its free state belongs to C2^ point group 

89 

and has nine normal modes of motion (5 translations + 3 rotations + 3 
internal vibratienc) . T/flien the molecule occupies a position in C2?ystal 
latticGjits three translations result in three translatory vibrations* 

Like wisG, the three rotations about the principal (a-, b- and c-) axes 
of moments of inertia (cf Pig. 5.2a) give rise to three lihrationsj 
Wagging (w''^), twisting (t"^) and rocking (r'^), respectively. Three internal 
modes of lipC are shown in Pig. 5.2h. These vibrations have been denoted by 
V!^, Vg and Vj having significance similar to V-j j '^2 ''^5 

used respectively by Herzberg*^^. For perfect C2V symmetry of the molecule, 

all interno.i and librational modes are active in Raman spectra; all 

w . I 89 

modes except T are also active in IR spectra . 

There are eight of each of the I^C(l), H2G(III) 

molecules in the unit cell of NSH. Every mode of each of these would 
therefore contribute 8 phonon branches. The total contribution becomes 
8 X 5 = 24 from internal and 8 x 5 = 24 from libratioual modes of one type 



+ 24 ) X 3 = 144 from all the threo types 


/ Wv P4- 

h* Norrrial Modus of (KiCg) ^ Conplex 

As cuncludocl in Ajjpendix 5 •I, the conplex behaves as Xlg type 
molocuic; ir Ii-l: syirmetry. Thus the conplex would have 21 degrees of 

freedom (3 trounsloAiunal 4* 3 3:otational -f I 5 internal)* The I 5 internal 
degrees of frcxdoir: arc accounted for ty six vibra,ticns®^t ), W^CE ), 

^ 1 Ig g 

descriptions of these modes 

have- been depicted in Fig. 5*3* Modes \J 2 3-^® Eaman active 

while \J j and are IE active for symmetry. The- "v?^ and 1° modes 

of the coHiiilcx ore fo^idden in both IE a,nd Eaman spectra under this 

89 / Wv24- 

symmetrjr . Since there are four units of (KiC^) complex in the unit 

cell, tho not phonon branches originating from its different normal modes 

may be counted to bo 84 (60 internal + 12 librational +12 translational). 

2 - 

c. ITormal Modes of SC^ Ion 

2 - 

Tho form of the normal modes of S(^ ion and their degeneracies 
along with th:-;ir Eaman and IE activity have been discussed in section 3 . 5 . 
This unit axlcls 61 ) phonon branches to 144 contributed by H 2 O molecules and 
84 by (Mit ■" complex. This sums up the total of 288 phonon branches 
sufficient for tho description of the domain ic s of 1ho crystal. 

5.4 CLASSIFICATICK OF PHCIAOKS 
a. Unit Cell Approach 

The classification of 288 phonon branches using -the unit cell 
approach has been worked out in Table 5*2. The crystallographic data 
reveal that (i) no atom remains invariant under 0 ^ , and 0 ^^ symme'ti'y 
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opercationo of space group, (ii) only* M and S atoms remain invsriant 

under C2 (iii) as there are two axes forming; one class of operations 

4 . 

^ ' ^4 atoms of Ni and S in an unit cell, four of these would not 

change their positions under one C^* This lea,ds to 96 and 4 invariant 

atoms (i^ ) iinclor iil and operations, respectively. This invariance 

results in a reducihlo representation whose "bases are the total 

288 phonons. Similarly, we find that 52 and 4 particles l^(t) retain 

their positions under E and operations, respectively", when HgO, Ui and 
2 - 

S('^ are considered to be separate single particles. But out of the 28 

2 - 2 — 

polyatomic units ( 24 H 2 C' and 4 S 0 ^ ) in the unit cell, only 2 SO^ unixs 
(N^(l)) are found to bo ri^id under C^* basing these invariant characters 
of the unit coll, we conputed x(t), X(1) and X(i) reducible represen- 
tations whose bases are 96 translational, 84 librational and 108 internal 
modes, re spec tivoly (cf corre^;onding rows in Table 5*2). The reduction 
of these representations results the number of phonons belonging to 
different symraotry species (cf columns 8-12 of Table 5*2). 

However, the translations of six molecules appear to mix 
considerably with those of TSi"''*' ion. These modes can, therefore, be des- 
cribed in terms of translations, librations and internal vibrations of 
(i'liOg)^'^ coE^lex. Obviously, 96 translatory modes of H^O, li and SC^ 
forming the bases of X(t) need further classification in terms of pure 
translatory la,tticG modes of the crystal and the internal and librational 
modes of (iTiCg)^'^. Eor this purpose we need to consider the unit cell as 
a system of four (NiO^) (as the polyatomic units) and four SO^ (as 
single particle ). The invariance character of such an unit cell is given 
by N' (for total 96 modes), N'(t) (for 24 pure translatory lattice modes 



and ®’(l) (for 12 librational modes) of the complex. Corresponding 
reducible representations may be given by X(t) = 'X.’C't) and 

(l) respectively (cf Table 5 » 2 ), The representation X'(i) ^* 0 ^ quasi - 
internal modes of (NiOg)^'^ may be obtained from 

“ (')C'(l) + X'(^)) 5 . 4 a 

The reduction of ')t'(t), %’(l) and X'(i) gives the desired classification 

of 96 translations (cf last three line of Table 5 . 2 ). 

b. Site Symmetry Approach 

The correlations between different species of ^ 2 ^ H^O, T^ for 
2 — _ / ¥^24. 

SO^ and for CNiOg) with those of point group of the crystal are 

given in Table 5 • 3 . Using these correlations, synmetry ^ecies and 

number of phonon branches arising from a definite mode of free state B20» 

2— / W\24' 

SO^ or (.NiOg) are given in Table 5 . 4 . This table has been divided 
into four sections. Section (i) presents the classification of 144 modes 

(72 internal + 72 librational of H2O molecules, while sections (ii) and 

2 _ 

(iii) present the classification of 56 internal modes of SC^ and 60 
internal modes of (HiOg)^"^ respectively. The classification of 12 

lib rations of S0^~ and 12 libra tions of (UiOp^"'’ and 24 translatory lattice 
modes (21 optical + 3 acoustical) is separately given in the last section 

(iv) . The number given in first seven rows of section (i) are for the 
one typo of H2O molecule. The three different types of 1^0 molecules 
have been accounted for in the total given in the ei^th row, 

5.5 lOEM OF THE EAMAN TENSOE COMPOKEHTS 

The point group symmetry of the crystal of USE has five 

89 

irreducible representations! A^, ^ 2 ^ U.] > ^2 S » Phonons of all 



species except those of 4^ are Eaman active axd have the followtog forms of 

90 

Eaman Tensor 









a 0 0 


0 

0 

0 


0 

0 

11 

0 a 0 

Bl = 

0 -c 0 

^2 = 

d 0 0 


0 

0 

^ 

i 

0 0 0 

J 


0 0 0 


0 

0 

0 


0 

0 

■> 

e 

0 

0 

e 

and E(-^) = 

0 

0 

0 

0 

e 

0 


e 

0 

0 


Rotating the crystal by 45 ® around c axis, so that the new frame 
of axes become a' = (a + b)/ J2 and b' = (a - b)/ J2, 4^ tensor remains 

unchanged. The other tensors, however, have the following forms 
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The phonons belonging to E representation are also infrared active 
hence each one of them is expected to split into a. LO and a TO coiiponent 
The polarization associated with these phonons is given in parenthesis. 

The crystal symmetry thus leads -to five independent components 


of polarizability tensor. Eaman spectra of different polarizations can be 
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recorded using appropriate geometrical arrangements in view of the above 
forms of Ramon tensors. Rig. 5 *4 depicts such geometries, equivalents of 
which can alf.o be used. Crystallographic axes are dpnoted by a, b and c in 
this figure. The sot of axes denoted by and b' represent axes making 45° 
angle with .a and b axes in ab piano. The wave vectors of incident and 
scattered light and the phonons taking part in sca,ttering processes are 
denoted bj?' k^, k^, and q, respectively. It can be easily understood that 
spectra recorded in b(aa)c or its equivalent would provide informations 
about phonons of mixed species, order to isolated phonons of 

B.J species geometry b’(a’b’)c shown in Rig. 5*4 (v) or its equivalent can 
be used. Similarly, we note that ac polarized spectra arise due to phonons 
exhibiting change in dipole moment along b-axis. Such spectra recorded in 
c(an)b geometry would scan both TO and LO conpyoneribs of phonons of B species. 
In order to isola.te TO oonponents, geometry c(ac)a diown in Rig. 5*4 (‘vi) 
or its equivalent may be used. 

5.6 ESOPBRIMERITAL 
a. Growth of Single Crystals 

NiSO, .XR 2 O of ilnalar quality was obtained from BDH (Sritidi Drug 
House) chemicals. It was subjected to the crystallization process involving 

91 

slow evaporS/tion of its aqueous solution in order to obtain HSH at 32 C • 

Large single crystals of BSH were obtained by recrystallization 
of the crystallized sample using seed aispension technique as discussed 
by Holden and Singer^ . Blue colour crystals thus grown appear to have 
well developed octahedral shape 
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The deutoration of the sample was done following the procedixre 
disctissftd in scctiron 2.10. ?or this p-urj.>rT..;, anhydrous sample was obtained 
by heating th^i finely powdered ISEI in a furnace at 300®C for about 8 hours. 
A s-'lutii.n of this sample was pri:p)c,red in 1^0 as discussed in section 2,10. 
Finally , deutcratod IidH was obtained by evaporating D^O (under vacuum) 
from the? 0!..'l.uti.''n vdiich was kept at a tempcratir: e above 32 ®C to ensure 
correct chonii.'.?! structure. 

b. Dotoriranatiun c;f Crystallographic Axes 

The property of perfect cleavage along (001) plane of iiie crystal 

was used tc? fix c-axis. The a- and b- axes of the crystal were fixed using 

92 

the knowledge of crystal morphology- and were confirmed by X-ray diffrac- 
tion (Laue-pa-ttem) method. Crystals of appropriate size vrere cut and 
polished by following the procedure described in section 2.3. 

c. Scan of Eaman Spectra 

17 

The crj''stal of NSH shows maximum transmission a-nd minimum optical 
20 ° 

rotatory power near 49OO A. The c-axis behaves as an optical axis. The 

O o 

rotat<'5ry power decreases from 0^/inin at 49^0 A to -1 *85 ^/mn at 6000 A through 

i OQ O 

0.2 ■’/mm at 4800 A . The 4880 A emission line of Ar' ion laser is fo\nid -to 
be most suitable to excite Raman effect in this crystal. 

A clear and transparent crystal of about 6 x 5 x 5 nuT size having 
plane polished faces was used in different orientations so as to get 
scattering geometries defined by first four parts of Fig. 5*4 and their 
©quivalents. Al "though^ ppectra recorded in last two geometries (cf Fig. 5 “4 
(v), (vi)) could be, respectively, useful to isolate phonons of A^ and 3^ 
species and the LO and TO conponents of E modes, however we are unable to 
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produce them here. To minimise the effect of rotatory power of crystal on 
the ohsorvcd spectra, light from laser was allowed to enter the crystal 
within 1 mri of ihe crystal fa,ce closest to the si-ectrophctometar and only 
first 2 linn of iiie uhread like passage of light was focused on the slit. 
Since ttio crystal ca HSII exhibits some absorption at 4880 A, the laser beam 
with its naximxia pewer was i'ound to nakx holes in it. In ordtr to avoid 
this phenomenon, the power of the laser was reduced appropriately. Other 
instrumental details arc discussed in sections 2.7 and 2.8. 

d. Scan of IR Spectra 

The ATE teclmique was used to record IR spectra of single crystal 
of appropriate size (15 x 6 x 2 mm'^) with incident urpolarized light 
fallinf; at various angles (i.e. 55®, 57 ‘5°, 40 °, 45° axid 50 ®) on its well 
polished (001 ) plane following the procedure discussed in section 2,5a. 

IR spectra of micro-crystalline sample were recorded using KBr 
pellet which was used in situ to record spi.r;trum at LT. To ensure the 
adequacy of the spectrum, nujol mull technique was also employed at ET. 
Spoctrum of chouterated microcry stallinc NSH was also recorded at ET. 

All these spectra were rucorded en PS-521 sjicctrophc tome ter in 
-1 

25 O- 4 OOO cm range. 


5.7 RESULTS Al® LISCUSSION 

I 

I. BMm PHOHOKS IN SINGLE CRYSTAL 
a. Observed Spectra 

Raman spectra of single crystal of NSH having aa and bb polariza- 
tion and ac and be polarization characteristics were found to be idaatical. 
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Thus only four out of twelve spectra were found to le distinct. Represen- 
tatives of those four spectra are shown in Figs. 5-5 and 5.6| the former 
figure depicts only 0-H stretching region, idiile the latter figure covers 
the complete region at lower freguencios. In these figures aa, bh, cc, etc. 
denote the polarization character of respective spectra, while , etc. 

denote the corresponding symmebry species of I) point group. The dotted 
cuirvos are the manually resolved bands having Lorentzian shapes. 

b. Frequency, .Width and Intensity of Bands 

Appendix 5*2 provides frequency width (FWHMI, cnT"*) and 

relative integrated intensity (l, in parenthesis) of various bands observed 

in different spectra. The V values are accurate within + 2 cm”"^ for well 

developed sharp bands. The frequencies of the manually resolved bands 

showing sharp structure and of those showing broad or diffuse structure 

--1 

may have uncertainty as large as + 5 and + 10 cm , re^ectively. The I 
values have been determined by the same method as discussed in section 
5.7a. These values for bands of 0-E stretching region are unrelated with 
those of lower frequency region. In the former case they are relative with 
respect to an arbitrarily chosen value, 10, for the intensity of lowest 

frequency band in each ^ectrum (cf frequencies marked with an asterisk in 

-1 

the Appendix). Similarly for bands below 29OO cm , these I values are 
relative with respect to a value 10, chosen for the band falling between 
1085-1095 cm~^ in each spectrum (cf bands marked with ** in the Appendix). 
The accuracy in I values lies within 20i> and 5’fo, re^ectively, fer bands 
of 0-H stretching and lower frequency (i.e. below 2900 cm ) regions. 
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c. Assigrunonts ^ 

The assignments of observed Eaman hands, as given in Table 5«5» 
are discussed in detail in the following subsections: 

Internal Modes of H2O Molecules^ The bands appearing in 2900-3500 

region of spectra of NSH should rea-sonably be duo to and \)Y fundamental 

* 5 

w 

and 2 S >2 overtone modes of H20(l), 1^0(11) and H20(lll) molecules (cf 
Table 5 -I)* The structural data^^ for these molecules, as given in Table 5 ‘I* 
reveal tho.t H20(l) exhibits considerable asymmetry while i^O(ll) and 
H20(III) are symmetric to a good approximation. The increasing H-0’ and 

0-0' distances on going from H20(l) to B^oCm) (cf columns 4 and 5 of 

2 - 

Table 5*1 where 0 and O' represent oxygen atoms of 1^0 and SO^ , re^ec- 
tively) indicate that on 'an average I^O(l) exhibits strongest H-bonds while 
H20(III), the weakest among the three. The stretching modes of H20(l), 
H20(II) and H20(lll) should therefore fall in an ascending order of 
frequency . 

w w 

For the symmetric type of H2O molecules and modes are 

related with each oth a: to a reasonable accuracy through the enpirical 
2f 

relation . 

(5657 - = a8555(3756 - ••• 5.7a 

Assuming that 3428(A^), 5455(A^ + B^) and 3460 (e) cm bands arise due^ 

to 'Op III) mode of H20(lll), the corresponding frequencies for OpUl) 

'Were confuted to be 3584 (A-|)j 5406 (il^ + 5410 (e) cm , 

respectively, using the Eejn. 5*7a. These frequencies lie reasonably close 

-1 

to 5575 (A.,, + B.,)? 5560(B2) and 5404 (e) cm of observed bands which 

have, therefore, been associated with V.^(lll) mode# Similarly, attributing 
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5290 (A^), 3285(A^ + B^), 3282(B2) and 3310 (e) cnf"' bands of observed 
^ectra. to '0^(11) mode of I^O(ll), we computed the resjjective frequencies 
3269(A^), 3265(A^ + B^), 3262(^) and 3285 (s) cm“^ for mode. 

These values are about 20 cm l#wer than those of ¥e observe 

the bands at 3190(A^), 3198 (a^ + B^), 3230 (B 2 ) and 3223 (e) cm which are 
lower than these coEputed values by 79 > 67 > 32 and 62 cm respectively; 
thus it is not reasonable to assign these bands as \)!j^(ll). 

Here it is observed that tiie average frequency of mode lies 
-1 w 

around I 63 O cm (cf Tables 5*6 and 5.7). Therefore, 2^2 mode of A^ 
^mmetrj'' of 82 ^ point group may share intensity (throu^ Eermi resonance 

interaction) from mode of the same symmetry, if the latter falls 

—1 

near the confuted harmonic frequency ( '^3260 cm ) of the former. It is 
observed lhat the average frequency of V^(lll) lies at 3379 cm hence 
2 X ^2 (ill) mist be weak. But the ('^5271 cm "^ ) of V^(ll), conputed 

•— i t/j" i 

by using \) (^^3292 cm ) of 'v)^(ll) in Eqn. 5*7^, is close to 326 O cm . 

Consequently, 'O^(ll) and 2 '\) 2 (ll) undergo Eermi resonance and these modes 

get mixed with each other. One of the two mixed levels of these modes 

may finally fall on lower frequency side alongwith the other on hi^er 

frequency side of 326 O cm””' . The lower frequency component, which may 

perhaps have larger contribution of 2 \ 32 (ll), has been assigned to 3230 (ab) 

and 3223 (ac) cm bands, while the hight^r frequency component which may 

perhaps have larger contributicai of \)^(ll) seems to superimpose the \^^(ll) 

“•1 

bands. The 2 'v) 2 (ll) bands ( = 3227 cm“ ), which are not clearly 

observed in cc ard bb(or aa) polarized spectra, might have been obscured 
by strong bands at 319^ 3198 cm , respectively. Einally, we associate 

the remaining unassigned bands of 3190 (A^), 3198 (A^ + B^), 3144(^) and 
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jimCe) cm with mode. Hero we note that the former two 

-1 

frequencies are higher hy about 60 cm from the latter two. This may 
be due to the fact that 2 V 2 (ll) also contributes to the intensity in 
the former two bands on their hi^er frequency side. The assignment of 
v;(i) would be discussed later while analysing IR spectra of micro- 
crystalline HSH. 

Nelcamoto et al^^ correlated 0-H stretching band positions with 
O-H.-.O’ bond lengths. TJsiig these correlations and our assignments of 
stretching modes, we estimated 0-H...0’ bond lengths for I^O(l), I^O(ll) 

O 0 

and H20(III) molecules. The values obtained are 2.74 A, 2.78 A and 
2.85 A, respectively. Within the uncertainties of such estimations, 
these values are found to be in good agreement with the corre^onding 
ones, known from crystallographic data (cf column 5 Table 5«'1) thus 
support our assignments. 

The\?o could not be observed in Raman spectra of single 

crystal. This mode appears as weak broad, band at 1625 cm in IE(ATR) 

-1 

spectra of single crystal and at 1655 cm in the spectrum of micro- 
crystalline K‘jH. 

Internal Modt.s of SC^ Ion: The and modes of this ion fall in 

isolated frequency regions of the vibrational fiindamentals in HSH crystal. 

These modes could, therefore, be unambigpoualy assigned as shown in 

Table 5.5. The former mode appears as the sharpest band (TWH]y[i:t5-7 cm ) 

% s 

in each of the four spectra. The number of bands appearing due to V-, 
in each spectrum are consistent with theoretical predictions (cf Table 5«4)* 
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IhG "Oj niod-G shows on© hand 1083 Bnd 1095 cm , ic8sp0C*ti'V6lyy 
in cc and ah polarized sipectra, as expected theoretically (of Tahle 5*4)* 
However, two hands are observed both in bb(or aa) and ac(or be) polarized 
spectra while three allowed components of 4* 2B^ and 52 species arc 

respectively expected on the basis of theoretical analysis* Moreover, in 

—1 

bb polarized spectrum, 1123 band has negligibly weak intensity and 

perhaps arises dioc to the spillover of strong 1130(ac) cm band. Thus 

S “"1 

the \)j mode ejdiibits a strong band of frequency lying in 1083 "• "1 095 

-1 

range of all the four recorded ^ectra. A strong band at II30 cm is 
also observed only in ac polarized spectrum. This specific appearance 

in ac polarization leads us to assign TO and LO conqponents of 3E phonon 

s *^1 

modes of to 1089 sind 11 30 cm bands, respectively* These bands 
have a separation of 4I cm ^ • The well established LO and TO components 
of similar type of 'V^j('^990 cm ) mode of 010^ ion in HaClOj crystal 
have separation of the sane order* Perhaps it ma,y be considered as a 
support to the above assignments. 

The and \)^ modes fall around 450 and 610 respectively 

where librational modes of H2O molecules may also appear. However, the 

--I 

appearances of one or two strong bands in 645 ~ 605 cm and two in 

475 - 426 cm'*'^ regions of observed spectra indicates that water librations 

2 - 

are weak and diffuse and all these strong bands arise due to SO^ modes. 

The weak and diffuse bands due" to 1^0 librations in 865 - 752 cm range 

of bb and ac polarized^ spectra (cf Pig. 5-6) corroborates this inference. 

81 . 

This has also been shown b;, Jager and Schaack hy investigating Raman 
and IE spectra of-HSH and deuterated KSH. 
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Following these argu^ments we note that as far as the number of 
bands observed for triply degenerate and modes are concerned, the 
two eodiibit identical behaviour. Therefore, the three strong bands 
605(i_j), 618 (a^ + -B-i) ^ 19 ( 22 ) cm have been associated with non- 

polar components ^f ■\)^ mode and the two bands 61 d(e) and 645 (e) cm 
respectively to To and LO conponcnts of 3E polar phonons. 

It is interesting to note that (i) all the allowed conponents 

of doubly regenerate mode appear as separate bands unlike triply 

degenerate modes which show only single band in all spectra 

s s 

except that of E phonons and (ii) the "02 ™c<3.es do not show any 

observable difference in the frequencies of LO - TO splittings of their 
components of E species. The latter observation leads us to conclude 
that S0^“ ion is not much distorted from its tetrahedral structure for 
which 'V^-^ Slid modes are IE forbidden and thus do not have strong 
polar character. 

Librational Modes of H 2 O Molecule ss As already mentioned, these 
modes are not observed as well developed bands in Raman ^ectra, hence 
their detailed discussion, would be presented in section 5.7(lll) dealing 
with IE spectra of micrccrystalline KSH. 

Qpasi-Internal Modes of (NiO^)^^ Cosplex: By studying Eaman and IE 

. ■ 0 -| 

spectra of ESH and deuterated NSH, Jager and Schaack have daown that 

bands observed in 4 OO - 200 cm""' region arise due to quasi-intemal modes 
of (MiOg)^'^ complex; however, some of their assignments seem to be 
incorrect. Tho crystallographic data^^ reveal that (HiO^)^^ conplex 
doQs not exhibit much distortion in its octahedral symmetry. Consequently, 
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o c 

only '\)2(Eg) and ^)5(l'2g) modes are expected to le strong in 

Ramn spectra, while and \)°(P^^) in the IE spectra. 

Our assignmont of the totally ^rmnietric mode to the hands 

ohserved arnjn-J 380 cm is based on the following factss (i) the hands 

ohserved arcnnd 380 cm correspond to the least depolarization ratio 

among all those of 400 - 200 cm region and (ii) the low temperature 

IE spoctrum of microcrystalline ESH exhibits a weak and sharp hand (PWHMI 

^20 cm ) at 375 ^321 (of Appendix 5 *3) 5 similar behaviour is ^own by 

well identified totodly syiranetric mode which is also IR forbidden, 
c 

like \)-| • 

-1 

All remaining bands of 4OO - 200 cm region are found to be 

-1 -1 

centred around 298, 275, 251 and 215 cm . The bands near 298 cm appear 

only in cc polarized spectrum with good intensity and in ah polarized 

_1 

spectrum with very low intensity. The bands near 273 cm are observed 
in all the four spectra, though as weak bands in ab polarization. On the 
other hand bands centred near 25I 'do not have their representativesin cc 

-1 

polarized spectrum. Here, we note that bands centred near 273 25I cm 

differ in frequencies iinder different polarization as mxch as by 

'V 

10 cm , while those centred at 215 cm have fixed frequency within the 

-1 

experimental errors. Koreovor, 25I cm bands are separated from "bands 

-1 -1 -1 -1 

around 215 cm by 36 cm ^idiile from 273 bands by about 22 cm . A 

criticaX examination of these observations reveals that bands near 215 cm 
should be duo to a different mode while those near 25 1 and 275 cm could 
be due to the one and the same mode* Following the general obse 3 ?vation 
that stretching modes fall at hi^er frequencies than bending modes, the 
stretching) mode has "been assigned to bands centred at 275 
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and 251 cm , while Idle (angular deformation) node tc 21 5 cm'”' bands. 

The number of bands observed in each spectrum w. equal to those exp)ected 

theoreticaxlj for d'^ubly degenerate mode, while only single band 

ajjpeaxs for trip]y dogonerate mode* This behaviour is identical to 

that observ..d for rl-ably degenerate and triply degenerate and 

5 

yS 2 - 

V. modco of SO, ion. 

4 4 


-1 


81 

As reported by Jager and Schaack , the bands 297 (A^ and 298(3^ 
cm could have also been attributed to mode. But the symmetry classi- 
fication (cf Table 5*4) reveals that mode has only one allowed coh^jo- 

nent in these spectra. These frequencies are also'not too high to 

c w 

attribute them to V^X^i 0 stretching) mode which is only IS active 

for perfect 0^ symmetry. But the high intensity of 297(1^ cm band is 

66 

not compatible with very lofr' distortions in octahedral structure of the 

conplex. Moreover, the IS spectra do not exhibit any strong band due to 

mode near this frequency. Therefore, the 297 (Ap and 298(82) cm 

bands appear to arise due to a multi-phonon process involving low-lying 

quasi-intemal modes of the complex. A most unique assignment for this 

band has been found to be 2\^(Ag + + ^2 g^’~ overtone 

of Vg(F2^) niode. The high intensity of 297 (A^ cm band may be under- 

c 

stoo^in terms of resonance interaction of conponent of 2V?g with 
VpC® ) i’a-lling nearby. This assignment of 2\)g mode reveals that Vg 


-1 


mode must have frequency of about 149 cm which is quite reasonable for 
this mode. 


C 

It IS important to note that none of the IR forbidden v^, \72 

and modes exhibit observable LO - TO splittings in their components 

3 

of E species analogous to and \^2 ^od®s which are also forbidden in IE- 
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This indicates that (NiOg)^+ cco^lex is not significantly distorted (as U 

also known from crj-stal data^^) from its octahedral structure and thus 
%c %o %c 

Vi, Vg and do not acquire significant polar character. 

Tho above discussion on Ramnn ^ectra of KSH crystal does not 

provide any inf'crmatiun about IE active >^9° and modes of the complex. 

Therefore, to conplete the vnder standing of the dynamics of the complex , 

we may look into the assignments for IE bands reported by Jager and ’ - 
81 

Schaack . These authors observed five bands in IE spectrum of ^2 species 

s-l- 345("'™'), 326(vw), 251(s), 227 (w) 'and 217(w) cm % the abbreviations vw, s 

and w respectively refer to bands of very weak, strong and weak intensity. 

IE bands of almost similar frequoncies and intensities are also observed 

95 ' 

in the spectrum of powdered NSH reported by Kyquist and Eagel’''^ , Jagsr 

81 •"‘I 

and Schaack associated all the three bands (25I, 227 and. 217 cm ) with 

^2 branches of mode. However, it looks more reasonable to associate 

—1 c —1 

the strongest band at 25I cm to mode while those at 227 a-iid. 217 cm . 

c w c 

to since (i) the asymmetric Ni 0 stretching mode \)^ is expected 

to have more intense bands of higher frequency than those of ^d (ii) 

the mode ha,s only two components of A 2 species (cf Table 5 •4)* The very 

“**1 o c 

weak IE bands at 545(A2) and 526(il2) cm could be assigned as 

c 

( + E + P.. + F-, ) mode and not as V- since their intensity does not 

1u u 1u 2u^ 5 

seem to be compatible with the latter mode. ^ 

-1 

External Lattice Modes t All the strong bands observed below 200 cm 
have been associated with allowed optical translatcry external modes 
(2A..J + 4Bi + 2^2 + 5E(L0) + 5E(T0)). Few bands exceeding in number over 
these allowed modes are observed in dLLfferent spectra as weak bands and 
sometimes as shoulders to the exciting line or strong Eaman bands. 
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Frequencies of such hands are marked wi-th double afiterisk(**) in Table 5.5. 
These bands may be attributed tos (i) the spi]Q.ovsr of strong bands from 
other pc-.larizatiuns, (ii) imltiphonon processes and/or (iii) external 
rotations of SO^ an’ (hiOg)^ which can only correspond to weak bands, 
since they are f rbidden in both IR and Raman spectra for their perfectly 
symmetric states. Although, it is difficult to find unambiguous assign- 
ments for these weak bands, the spillover of strong bands seems to be the 
main reason fer their appearance. 

In the spectrum of ac(or be) polarization 10 strong bands appear 
below 200 cm . These bands arise from 5E(L0) and 5 e(T 0) components of 
allowed external translatory modes. Frequoicies of these bands can be 
arranged into five pairs as shown in column 4» section (v) of Table 5.5» 

The lower frequency band of each pair has been attributed to a TO compo- 
nent while the higher one to a LO component of a polar translatoiy phonon 
mode of E species. From these assignments it is noted that TO component 
has higher intensity than the LO component analogous to such components of 
but opposite t-^ those of modes of SO^ . 

Althi'ugh, the spectrum recorded in ?.(ca)c is needed to establish 
the assignments of LO and TO components of phonons belonging to E species ^ 
the observation of 10 strong bands below 175 cm ^ in the spectrum of ac 
polarization (cf the bottom curve in Fig. 5*6) for 5E phenons (translatory 
external modes) evidently support our assignments. 

II IR(ATR) SPECTRA OF SIRGLB CRYSTAL OF NSH 

Five typical IR(ATR) spectra of single crystal of HSE recorded 
at 6 = 55“, 37.5°» 40°» 45° and 50“ are shown in Fig. 5-7. Erom these 
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spectra ve observe the followings (i) The bands arising due to 0-H stret- 
ching modes falling in 27 OO - 36 OO cm region exhibit anomalous character 
for ©. increasing upto about 40 °. For = 45% a nornal typical absorp- 
tion type spectrum is observed,— the intensity of which diminishes consi- 
derably at 6 -^ = 50°. Similar behaviour is shr.wn by the band 

( 162j) cm ), (ii) For = 40°, a normal absorption type sharp band ia 

*“1 s 

observed at 1100 cm due to mode. The higher frequency wing of this 
peak, however, exhibits anon^alcus absorption band type ^ape at the same 
angle. A broad and strong band is also observed at about 1060 cm due to 

this mode. The frequencies of 1100 and 1060 cm”"' bands shift to 1105 and 

-1 

1070 cm respectively in the ^ectrum for = 50 °, at vdiich both bands 
have normal absorption band type stapes and (iii) the superposition of 

-■j 

large number of bands appearing in 25 O - 9 OO cm region makes it diffi- 
cult to identify whether the bands have the normal absorption type shapes 
as they appear to have at every measured an^e, The epectra in 

this region do not change much in band shapes on increasing 6 ^^ but small 
increase in band frequencies and decrease in attenuated intensity are 
observed. 

In absorbing regions, whore the refractive index changes consi- 
derably with change in freq.uency, the estimate of critical angle for the 

system of iJ3H and KRS-5 may not have much significance. However, in 

-1 

non— absorbing regions between 1100 — 4 OOO cm its value was estimated 

to be 41 + 1 " by studying the rate of decrease in reflected intensity 

with decrease in ©. ; at e. = t the reflected intensity decreases with 

1 i c 

maximum rate. From this value of the refractive index of HSH crystal 

o 

with respect to that of vacuum may be estimated to be 1 fli 56 i #03 using 
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rofr,Totivo index of KRs-5 i.e. 2.37 vhioh regains almost ocnstmt in aboTe 

menticined frequency range. 

It ib c-lbo observed that the attenuation in reflected intensity 
shows a general dccroaso with increasing frequency froei 250 to 40 OO cnT^. 
This phenurnGn; in may be related with the effective depth of penetration of 
evanescfint fioicl wliich also decreases with increasing frequency. 

The frequencies of bands read from three selected spectra, corres- 
ponding to = 57*5t 45 and 50 ° a^re given in Table 5*6, The positions 
of anomalous dispersion like bands have been measured at the points of 
naxirnum slope, while for normal absorption like bands at the peak points. 

These measured frequencies are accurate upto + 2 cm for well shaped 

-1 

bands but upto + 10 cm for broad or anomalous dispersion type bands. 

The difference obserired between positions of a band in different spectra 
is not significantly large witbin the limits of eaxperimental errors. 

Ill IR SPBOTRA OP MICROCRYSTALLINE NSH 
a. Observed Spectra 

The IR spectra of microcrystalline NSH are shown in Pigs. 5 *8 

and 5 •9- Spectra (a) and (b) of the former figure represent those recorded 

in KEr pellet and Nujol mull, respectively. A good similarity between 

these two spectra establishes that K3r and NSH do not undergo ion exchange 

74 

phenomenon and thus an otherwise observation reported by Janik et al 
is not true. This is also corroborated by the good sirndlarity between 
spectimim (a) of Pig. 5.8 and ATR ^ectrum of single crystal (cf Pig. 5.7, 

= 50 ") in 1700 - 250 cm"”* region in which the latter spectrum shows 
intense bands of transmission like character# Pig- 5.8(c) depicts 
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the ^ectrum of the deiiterated analogue of NSH. The extent of deuteration 
was ostimateO to be more than 90?^ from the integrated intensity of O-h and 
0-H stretching bands. 

Figs. 5 •93' 5»9'b depict spectra of KBr pellet recorded at 

RT ( v- 500 “K) and Lt( rp^Gso ^.ectra have been retraced in 

Figs. 5 *90 '^d 5*9-- respectively after correcting the former two for general 
scattering of KBr pellet. The latter two ^ectra have been resolved into 
optimam number of norentzian shaped bands. 

b. Frequency Width and Intensity 

appendix 5*3 provides frequencies (\)), FVraMl(cm~'^) and integra- 
ted intensity (l) of each resolved band of spectra c and d shown in Fig. 

— "I 

5.9* The values are accurate upto + 2 cm for sharp bands but may have 

-1 

errors upto + 10 cm for broad bands. The I values have been determined 
by multiplying peak absorbance with FWHMI meaaired in wave numbers. These 

values as given in the appendix are relative to an arbitrarily chosen value 

-1 -1 
10 for 1102 cm band in RT spectrum and for 1095 cm band in LT spectrum. 

The uncertainties in these values lie within "5 fo for well developed bands 

and within 2 C^o for broad and weak or manually resolved bands. 

s, 

c . Assignments 

The frequencies measured from Figs. 5.9c and 5.9d have also 
been tabulated in Table 5.7 alongwith their assignments. Band positions 
observed in the ^ectrum of deuterated analogue (of Fig. 5 * 80 ) are also 
given in column 4 of this table. The values(computed from the 

observed frequencies and of a similar mode in ET spectra of KSH and 
deuterated NSH respectively) are given in Uie last column to facilitate 


the discussion. 
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Internal Modes of H^O; The O-H stretching region of ST and LT spectra 
exhibit three and five prominent bands, respectively* The latter spectrum 
also shows tvre; weak residual bands which may reasonably arise due to anhar- 
monic force fi'dds, general scattering effect of KBr pellet (possibly 
persistin^^ oven after the correction of bpuse line), etc* We note that the 
highest frequency ET band of 346O cm ^lits into a strong component of 
3480 cm ari'l a little weaker conponent of 34IO cm""' at HD. Similarly, the 
next higher frequency RT band of 3290 splits into a strong component 

—1 — *j 

of 3510 cm and a little weaker conponent of 3240 cm • In view of assign- 

—1 

ments discussed for Raman spectra of single crystal 3480 and 54IO cm bands 
have been attributed to V^(lll) and re^ectively. Relative inten- 
sity of with respect to that of clearly supports these 

assignments since the former is expected to be stronger than the latter in 

_-t 

IR. The 3310 cm strong band has been associated simultaneously with 
u^di) and II ). The 2'02(II) mode has been assigned to 3240 cm 
band whose hi^ intensity may be understood interms of strong resonance 
interaction with (ll) • 

The lowest frequency IR band in 0-H stretchijog region has 

-1 

frequency of 3045 cm . But the lowest frequency Raman band has an average 
value of 3139 cm~^ and has been associated vTith (of Table 5*5)- 

Since these frequencies of IR and Raman ^ectra differ by significant value 
of about 100 enr^ they must have the different origins. Thus Uj(l) can be 
assigned to 3045 cm~^ IR band on the basis that it should be stronger than 
U!^(l) •which perhaps has very weak band '^3U9 cm in lEj for its low 
intensity,, the latter band might have been obsc-ured by lower frequency 
wing of strong I® band due to 2\>2(ll) modes. Similarly, the U^(l) 
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appearing around 504^1 cm ^ perhaps has very low intensity in Eaman spectra. 
The asymmetry of B 20 (l) may he one of the reasons for such a behaviour of 
and modes. 

. "W 

The ’V 2 mcdoy which is not observed in any Haman spectra of single 
crystal, aj>poars as weah a’kd broad band at "^1635 -'^nd I 642 cm , reject! vely, 
in ET and LT spectra (IE)# It does not exhibit observable change in its 
intensity and width on lowering the tenperatxire. Since the band does not 
exhibit any structure even at LT, the separate assignment of this mode of 
H 20 (l)y H 20 (II) and H 20 (lll) could not be possible. 


2 — 2 — ^ 
Internal Modes of SO. lonj Two internal modes of S0.~ ion ^^5 and V?, fall 

4 4 » 5 

in the isolated frequency region 900 - I 5 OO cm of vihra-tional spectra of 
NSH. ^)-| ai)pears as a band of negligible, intensity at 985 ET 

985 cm ^ in LT spectra. Such a low intensity of this mode indicates that 

2 - 

SO^ ion has almost a tetrahedral structure in hSH crystal. The similar 
inference was also made on the basis of Raman ^ectra. On lowering the 
tenperaturo the intensity of this mode, increases, although not veiy 

significantly. One of the reasons for it could bo tiie increase of distort 

2 - 

tion in T. structure of SO. on lowering iho temperature, 
d 4 

—1 

The broad IE band of 1100 cm could be appropriatly resolved into 

three components of 1148, .1102 and 1065 cmi at ET. In LT spectrum, these 

-1 “1 

ccnponents have frequencies 1148, 1095 S'^d IO 65 Qm . The IO 65 cm compo- 
nents may more reasonably be associated with ^^2 ^4^^1 ^2^ having 

confuted harmonic frequency about IO 6 O cm . Its intensity can be under- 
stood in terms of resonance interaction of its I 2 component with "^^(^ 2 ) 

fundamental mode. The remaining two higher frequency coiiponents seem to 

s ^ 

axise due to Vj mode. 
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'vS ^ -*1 

The 450 cm ) mode which is forbidden in IR for tetrahedral 

2 - 

symmetry of SO^ can only be e3rpected to have very low intensity in IE 
spectrum and may be obscured by strong bands due to librations of ^0 
moleculoG. 


s 

However, the 

^4 mode ■which a,j'»pears usually as a strong hand nea^r 
615 cm is also saperiii 5 )osed hy bands of H2O librati'^ns. The compaxatiire 

study of q[)0ctra of HSH and its deuterated analogue reveals that all bands 

—1 . 

in 400 - 900 cm region (except the one at 610 cm ) exhibit frequency 

shifts by a factor of about I/J25 the 610 cm band is observed to be at 

-1 

about 620 cm in the spectrum of deuterated analogue. Similarly, the 

— i 

conparison of ET and LT spectra indicate that, except the 610 cm bard, 
all bands shift to higher frequencies hy 10 - 20 cm with enhanced peak 

intensity and sha3:pness in LT spectrum. Both these observations reveal 

s -1 

that mode should be assigned to 61 0 cm band only. 

The ircreasing frequency of on deuteraticn indicates strong 

2_ 

H— bond interaction between 0 atoms cf SO^ ion and H atoms of H^O molecules 
in the crystal. This fact is also evident from the increase in EWHMI of 

mode by an approximate factor of 1 .2 on deuteration of NSH. Other 

5 bft. 

reason for shift could j[ the overlap of librations of H^O and in 
different wajfein re^ective ^ectra. 


Librational Modes of ^0 Molecules: It is clear from the discussion of 
above subsection that all the nine bands, except 610 cm”’’ in 400 - 900 cm 
region, arise due to librational modes of HgO molecules. The possibility 
of band being due to a > transition between low lying translational and 
and higher frequency librational modes is rejected since none of the 


{ 
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observed frequencies in this region co3n:e^onds to such a difference. As 
apparent from the observed spo-ctra all the nine bands of 400 - 900 cm"’^ 
range can be arranged into three groups as indicated in column 1, Table 5.7. 

The KoH crjistal contains three crystallographic ally inequi valent 
water molecules (cf Table 5.1). The librational medes rocking (e"), 

''^sgging (W ) and twisting (t ) of each of these water molecules may produce 
9 hands in all as observed. Althou^, bhe intermoleculax interaction betweoi 
eight 15^0 molecules of the same type in ihe unit cell of HSH my split each 
of those modes (cf section 1, Table 5*4) > ari interpretation of the absorp- 
tion bands on the basis of correlation g)litting is rejected in view of the 
simplicily of spectra and "the relative isolaticn and lack cf mutual pertur- 
bation of water molecules as shown in Appendix 5*1 » 
w 

The T dodo is forbidden for perfect symmetary of H^O molecule. 

Therefore, it can appear as weak IR hand owing to soeb a^mmetry in the, 

w 

structure of B^O molecules occupying sites in NSH crystal. Thus T modes 

of three different types of molecules ha.ve been assigned to the first 

-1 

three weaker bands at 755> 575 a-nd 4IO c® in ET spectrum. It is interes- 
ting to note that these bands are the lowest frequency bands of groups (a), 
(h) and (c) rosi, ectively. ¥e also observe that the central frequency band 
shows maxiraom peak intensity in its own group. The integrated intensity cf 
this band is also found to be mxinium in groips (a) and (c). However, in 
group (b) the maximum integrated intensity is attained by its hipest 

frequency (660 cm""') band. Such a differential behaviour may peiliaps be 

s —1 

attributed to -the mixing of librational modes of H2O with ^>^(610 cm ) mode 

of SO?" ion which falls in the centre of the group. This mixing my also he 

A- 

responsilDle for comparatively more sharp structire of bards of group (b)# 
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96 

Miyazawa showed that the wagging mode mast he about 2.7 times 

inor(i stronger than -the rocking mode of H^O. Although, the validiiy of 

this criterion has not been established in gereral, it has besa fcurd to 

hold good in some cases where unambiguous assignments of and modes 

97 

arc known . In view of this criterion, we assign the 1*?^ modes to the 
central frequency band of each group; the remaining modes coaid be 
assigned to the hipest frequency hands. 


It can be argued that the librational modes of exhibit<A^<^ . 
strengor H— bonds mast have hi^er frequencies tha,n the one exhibiting 
weaker H-honds. Thus the librational modes of H20(l) denoted by E^(l), 
W^(l) and have been assigned to three hands of group (a), while 

those of H 20 (II) and H 20 (lll) to fee bands of groips (b) and (c), 
respectively. 


Prom these assignments we conputed the ratio I(e'^) J of 

integrated intemity of W and E modes of each type of i^O molecules. 
This ratio for H20(l) and H20(lll) is found to bo about 1.8 and 1.5 
respectively. To a good approximations these values are consistent with 
intensity criterion of Miyazawa^^. However, for H20(ll) iiie ratio is 
observed to bo about 0.9 but this inconsistency seems to arise due to fee 
mixing of librational modes of this mter molecule with '0^(610 ceT”^) 
mode through H-bonding as we have already pointed out. 


IV FOECE FIELD COKST^OJTS PCE LIERATIOHS OF HgO MOLBOHLE 

98 

Considering the HgO as a rigid molecule. Blue developed the 
following equations for the frequerioies (measured in wave numbers) of 


its rotatory modes. 
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Wagging: = 

(V23tc). 1 

- + iVo 

1 \ i 

... 5.713 

Twisting: = 

(V2jrc). 1 

L 1 

... 5 . 7 c 



t -^b J 


Rocking = Up = 

Jx 

(V 2 j|c). j 

V.-K .2 .-> 1,2 1/2 

J 

... 5.7d 


The significance of r^., and 0 may be understood from the geo- 
metiy of H 2 O molecule shown in Fig* 5 **10* and are the principal 

moments of inertia about a-, b- and c- axes as shown in the same figure* 
and are the force constants respectively involved when H and 0 atoms 
get displaced from their mean positions in directions perpendicular to the 
plane of the molecule* and k^ are the similar force constants which 
come into play for the di^lacements in the plane of H 2 O molecule in 
appropriate directions for the Rocking mode. Using tEie geometory of free 
:^0 and. moment of inertia values from Ref. (85) » Eq.ns. 5-7(l>-d.) can he 
reduced, to: 




kg + 0.0078k^ = 0.1340 X 10~^.\)^ ... 5.7e 

kjj = 0.1190 X 10“^. ••• 5.7f 
k' + 0.0025k' = 0.1237 X 10"^ .Vp ••• 5.7g 

il C) 


Here kg, k^, etc. axe measured in mdyne/A. 

In conputing above mentioned force constants, Yan der Elsken 
and Robinson^^ assumed that (1 ) the lihrational modes do not mix with 
intramolecular vibrations vdiich is implied from the rigidity of the 
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molcc-ule, (2) the centre of mass in the water molecule is the same in 
the crystal as it is in the gaseous phase, i.e. that the moments of inertia 
of the free mol ec ale can be used* For the third assumption two alternatives 
were employed; { 3 ^) that during the lihration the centre of mass of the 
molecule remaiTLS fixed in the unit cell and does not oscillate and (5b) that 
the force corifstants opposing hydrogen and oxygen displacements axe the same 
regardless of the axis about which the molecule librates. 


Under the assumptions (1), (2) and ( 3 ^) the displacement of the 
oxygen atom is proportional to that of the hydrogens; thus their force 
constants are not independent and are related through = 16kg. and 
k^ = The force constants kg and 

be around 0.2 and 0.1 mdyne/A respectively. Consequently, k^ and k^ must 

o 

have values aroxmd 3*2 and 1.6 mdyne/A in the same order. 


2i 


thus computed are reported to 


Under the assussptions (1), (2) and we have and 


98 

k = k' (as also used hy Blu^^ ) which were computed to have values of the 

o 

order of 0.1 end 50 mdjne/A respectively. 


Howevci', we note tha.t: (i) in lihrational modes of H^O the displace- 
ments cf 0 at'.j.TS usually occur in directions normal to metal-oxygen bond 
to a got/ approximation, (ii) the frequencies of corresponding translatory 
vibrations (i.e. excluding those against metal atom) of HgO in large number 
of hydrates ha,vc‘ values lying in 100 - 300 cm range and (iii) the frequency 
(\) ) of so-ch translatory modes may be given by the following relation tmder 

*tr 

the approximation of simple harmonic motion. 



(V2II'=)- j 


■where m represents the mass of molecule, 
written for translations involving kQ a-iid 


... 5 •Th 

Similar relation may be 
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and 5*7i expected to Tae equal^the deviations <^kjT loay “be regarded as 
error limits in moan values. Similar errors are obviously expected in 
k^. The s urce of these errors perhaps lies in the assumptions of H^C as 
a rigid molecule and its structure identical to that in vapour phase. 

Pinallj it is observec from Sqns. 5»7s s^d 5»7g that unless k 

0 

and k^ are of the order of 10 mdyne/A (which does not seem reasonable as 
it iSf??cater than the force constant of any single covalent bond), k^ and 
are not significantly affected. Por example the 0.42 mdyne/I value of k^^ 
and k^ taken by us affects the k^ and k^ by 0.005 and 0.001 mdyne/1 
respectively. These values are insignificant in coirparison to the errors 
involved owing to the sinplicity of the model. Thus, the terms containing 
^0 ^0 dropped from Eqns. 5«7e and 5«7g re ^actively, to conpute 

kg and k^. Thus we have 


kg = 0.1540 X 10"^. 

k|^ = 0.1257 X 


... 5»7i 
• . • 5 *7 i 


revealing that librations are mainly described by k^. and k^. Prom these 
relations we have 




_R 


1 . 


04 l.(kykg) 


1/2 


.. 5.7k 


This indicates that for k^ = kg, the rocking mode would be hi^er from the 
wagging by about 4/^* However, the condition of k^ = kg may perhaps we 
considered to hold good when C'—H. ..X bond is almost linear. Similarly 
may be considered to exceed kg for in plane bent H— bonded while kg 

may exceed k^ for biiurcated (out*.of^plane bent) H^bonded ^^0. Obviously 
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>0^ would be greater than for in plane bent H-bonded H^O ^ile reverse 
would happen for bifurcated H-bonded H2C. 

We also have from Eqns. 5.7f and 5.7i the-t 




0.942 


... 5.71 


It reveals that wagging mode must have lower frequency than the twisting. 
Cur assignments made on the basis of intensity criterion provide h) 

¥ T 

values lying in 1 .05 - 1 .12 range and thus are inconpatible with Eq,n. 5*71* 
Since it would be unreasonable to attribute a stronger IR band to the twis- 
ting mode (IR forbidden for perfect 82^ symmetry) and a weaker one to the 
wagging mode of H2C, this incompatibility seems to be the result of the 
siE^ilicity of our model. 

Finally using w»200 cm” ) and kg.(0.20 and O.92 mdyne/A, — the 

minimum and maxiitum values respectively, cf Table 5*8) in Eq.n. 5*7h, the 

0 

values are congDut^^d to “be 0*02 and -1 ^42 mdyue/A rospectivelyj it my De 

o 

noted that earlier wo oomputed = 0.42 mdyne/A considering kg = 0. The 
negative value of thus obtained indicates that the relation (Eqn. 5*7h) 
can not he rigorously applied to determine the frequency of translatory 
modes of the crystO/1 lattice* It can he rationalized since the 

translatory modes of different units in ihe crystal exhibit mixing with 
each other. Hormal co-ordinate analysis accounting for several inter- 
particle (molecule and/or atom) interactions, are therefore needed to have 

o 

more accurate values of fcrce constants like k^. Thus k^ = 0.42 mdyne/A 
computed on the basis of assumptions as specified before may be treated 
correct only in its order of magnitude. 
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5.8 COIKLUSIOH 

I^equonciGs of different phonon modes in USE crystal have been 
determined on the basis of an extensive analysis of Eaman and ATE spectra 
of single crystal at about 300°E and IE g^ectra of microcrystalline sanple 
at about 380 E and 120°K. The bonding mode ^-ppsuring around I65O cm ^ 

in IE ^jectra, is not observed in Eaman ^ectra, although it is allowed. 

The libraticnal modes of H^O molecules show weak and diffuse bands in Eaman 
spectra but bands of good intensity in IE spectra. Among the other modes 
only those, which are allowed in re^ective spectra under 0^ symmetry of 
(NiOg) , T^ symmetry of SO^ , exhibit strong Eaman and IE ^ectra. The 

W\2-4“ 2"*» 

lihrational modes of (NiO^) and SO^ ions could not he identified. 

It is interesting to note 1hat the doubly degenerate angular 

s 

deformation mode '\^2 different components having maximum separaticn of 
about 50 cm while the triply degenerate modes and which involve 
changes in both bond lengths and bond angles have only one con^ionent each 
having frequoixy wiliiin 1089 i 6 and 611+8 cm , respectively (excluding 

the froquoncio;?. of LO components). On the other hand the triply degenerate 

sO i . 

angular deforuation node "V^ c^diihits a single hand at 215 cm while the 

doubly degenerate eti-etohing mode has its different con^jonents lying 

between 248 ~ 278 cm . These observations may indicate that the force 
2 — 

field for SO^ ion is more distorted from the tetrahedral ^mmetry in 
respect, of bond angle (O-S-O) while that for iNiCOH^)^^ is more 

distorted from the 0^^ symmetry in respect of the bond length (Ni O), 

Within the limits of standaM deviations, Ihe crystallographic data reveal 
that (i) all S-O bonds have equal lengths while different 0>S-0 bond angles 
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vary between 106° to 111° and (ii) the Ki 0 bonds have lengths lying 

0 

between 2.01 to 2.11 n while different 0 Ki o bond angles vary between 

o 

88 to 93 • These results thus corroborate our inferences cf present 

investigations. 


A simple model has been used to compute the force field constants 

w 

describing I modcjs in the crystal. It has been shown that 0^ point group 
describes more consistently the symmetry behaviour of 

con^jlex in NSH crystal. It concludes ihat (i) the intermolecular inter- 
actions involving H atoms in complex are weak and may be neglected, (ii) 
the complex behaves as a molecular unit for its nodes which may he described 
in terms of translatory degrees of freedom of 6H2O molecules and one Hi 
atom and (iii) each of the six H2O molecules behaves as separate entity 
for its libra tional and internal modes of H2O. Finally it is argued that 
the above conclusions could be valid in general for the metal-aquo-conplex 
of 1^111(082)^'^''’^ type. 
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Crystal structural data^ of C?(~nickel sulphate hexahydrate 
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Classification of phonons in 0(,-NiS0^.6H20 crystal (an unit coll 
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TABLE 5.5 

Correlation butwcum difforont species of Cg^, T^, 0^^ and point groups 



Symmetry species 

. Prcu Stnte^ Site^ Crystal^ 
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N 
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H20(Cg^)jSite 

Aj, ilg, \ 

A 

+A2+B^ 4- ^2+2® 
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S 05 ”(T^)»Sito Cg 

A^ 

A 

A 1 +B 2 +E 
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2A.+2B2+2E 
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A^ +2j\2+2 B^ +I^ +5E 
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E 
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A+B 

4 A 2 4‘B^ "^^2 ^ 




^1g’ ^1u 

A+2B 




%• *'2u 

2A+B 

2A^+A2+B^+2Bg+5E 



\ll the four species of Cg^; 1 E and Pg of T^; and P^g \ 

and A^t Bg and E of point groups arc Raman active, while 
and Bg of Cg^l Pg of T^; P^^ of 0^^ and Ag and E of are IR active. 
Under site symmetry or Cg all species are both Raman and IR active. 

a number of inequivalent sites for ro^ective molecular unit in the 
unit cell. 

\ K number of molecular units at one type of site, 

m 
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TABLE 5.4 


Clnrr/.i I'l ii>ii ! » 'V nf 

phonons in 

0(-NiSO^ 

. 6 H 2 O crystal (the 
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itiry approach) 
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1 

2 
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12 
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1 
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5 
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2 

1 

1 

2 
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Total 

8 

7 

7 

8 

15 

60 


Contd. 



(iv)Extuni'’-l nodes 


iii'iriti ns uf SO^“(P^ ) 

1 

2 

2 

1 

5 

12 

Kotritionu csf 

1 

2 

2 

1 
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12 

OpM<''"il tmnr.lfitioiiB t^^ 
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2 
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21 

Acour.tic il trvnnl'itions t 

a 

_ 

1 
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- 

1 

5 

Total 

4 

8 

8 

8 

12 

48 

Grand Total 

55 

57 

57 

55 

72 

288 


^Suporjjcr ipto v, s and c refer to the modes of H2O, SO^ and 
roopoctivcly. 


H T’ 


^Tntal phonon inodes originatiiag from particular mode of an unit. 


®Total accounting for the phonon modes originating from all the three 
oryetallographically inequivalent H2O molecules. 


222 


Tms 5.5 

X *1 

Frequencies (in cm ) and assignments of Raman 
pliononrs in 0(~NiSO^ .6H2O single crystal 



A.+B, 

1 1 

"2 

E 
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a('b'b)c 
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Assignments^ 


__ 
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(i) Intnrtial Modes 

of E,0 Molecules 



342B 

3435 

3455 
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^>5^(III) 

3450 

3373 

3375 

3360 

5404 

N^(III) 
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3282 

3310 


5292 
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5223 

2'i>2(II) 

5227 

5190 

3198 



W/ V 
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3144 
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- 

- 
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I630 

(ii) 

2— 

Intemt'.l Modes of SO^ 

Ion 
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1t25 


1130(10) 


1130 

1(J63 

1087 

1095 

1089(T0) 

5 

1089 

985 

985 

985 

987 


985 




645(10) 


645 

603 

618 

61 9 

616(to) 

^4 

61 4 

461 

472 

445* 

475 

446 

475 

446 

'^2 

471 

446 

426 

428 

428* 

/ 

426* 


427 

(iii) 

Librational 

Modes of 

H^O Molecules 




865 


860 

r^(i) 

863 

. 

752 

806 

796 


786 



wmm 


T^(I) 

- 


contd. 


225 


Table 5*^ coni'd. 


1 

2 

3 

4 

5 

6 

obsciarod by mode 

? 


vf(ii) 


- 

- 

- 

543 7 

T^(II) 

543 7 


- 

- 

495 ? 


495 7 

obacurod I 

;jy Vg ffiorje 

? 


¥’^^( 111 ), T^(lll) 


(iv) Qaasi-Internal 

Modes of 


Corjjlex 


574 

378 

580 

382 


378 




349 7 

^>6 - -^4 • 

549 7 

297 


298 



298 

272 

265 

266 

278 


270 


248 

256 

250 

2 

251 

214 

214 

215 

215 

^5 

215 






( 251 ) 






( 227 ) 





'^4 

( 217 ) 





\C 

149 


( V ) Translatory Optical Modes 


164 

167 


175(bo) 

168(to) 


146 

147 


122 

158 

121 

122** 

137(1-0} 

118(T0) 

85** 

107 


lOO(LO) 
86 (TO) 


69** . 

■yl** 

62** 

75(LO} 

64(to) 

45** 

47** 

50 

55(lo} 

42 (to) 


t (2A,+4B.+2B +5E) 

O 1 1 iC 


contd* 
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Tatlo 5*5 contd. 

2 5 ~~4 

2 0 

(vi) Liteationa of SO^" and (KiO'^)^'^ 


5 


1® and 1° 


6 




^'loasurud iron Rojnan spoctxa (cf Rigs. 5*5 s^d 5*6) recorded in geometries 
(indjoatcil under hc''i.dsof columns 1-4 or their equivalents); frequency 
pooilictno. where no band is observed for an allowed mode are shown by 
dUiiiicO. Doubtful interpretations and existance of bands have been question 
(?) mrkt.'d. Bands arising due to ^liover of strong bands in other pola- 
rization have boon starred (*). Bands which my also arise due to reasons 
other th?.tn the spliover of strong bands but not due to allowed modes have 
been marked by double stars (**). 

^Sui^erscripts w, s and c refer to the modes of HgO, SO^ and (HiOg) 
roiiptxstivoly. Notations, other than t^ for translatory optical modes 
lUid I for librational modes, are after Herzberg Ref. 89. 

ropronentf! the average of frequencies given in columns (1-4); 

iiV 

froquencios in paronthesss given under this head are from the IE data 
rcportcfl by Jagur and Sohaack Ref. 83; frequency of mode (149 cm ) 
has boon deduced from 2'i)g(298 cm "'). 
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TiffllE 5.6 


Fri.'qxiencit;;) \om ) of IR octivo phorjons observed in ATR spectra of single 
crystal of O^-KiSC , .61^0 recorclud at angles of incidence (9*. = 37.5> 45 & 50". 


a --- 57*5“ 

1 

a. = 45° 

0. = 50® 

X 

Assignments 

3470 

5420 


•OjClil) 

3510 ? 

3280 




3180 



O 

O 

i<N 



^i;(i) 


3000 



1625 

1625 

1625 

'I 

1120 

1102 

1105 


? 

1065 

1070 


850 

832 

832 sh 

Ai) 

772 

783 

783 

v^i) 

650 

660 

665 

E^'di) 

? 

622 

625 ah 

17^(11) and \)® 

502 

592 

595 

t"^(ii) 

540 

540 

540 sh 

R^(lll) 



445 

¥^(lll) 

1 

{ 

o 

o 

400 

400 

T^(lll) 


’Shovm in Fig* 5*7 recorded by keeping (001) plane of crystal in 
contact with ATE elament (KES-5 crystal), sh = shoulder 
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TilBLE 5.7 

Phonun '^icius (in cm ) ob served in IE spectra^ of microcrystallixie 

snmphm c'i’ .611 0 (hsH) and <9(-NiS0 , .61. 0 (HSE)* 

0 ^ /j- z 



■'SIl 

Assignments 

BSE 

WJ 


EMP^ 

(HT) 

(LT) 

1 

2 

5 

4 

5 

6 

7 



5480 






32,60 



2560 

1.55 




3410 







3310 






32 yo 


7 » , 

2420 

1 .36 




3240 

202(11) 



3284 


304 ^) 

3095 

^^3(1) 

2250 ? 

1.35 



2400 

2400 

^>^(I) 4. v^(i) 



2427 


2260 

2265 

O^(TI) + vAll) 



2267 


2093 

2120 




2095 


1655 

1642 


1208 

1.55 



1246 

1240 




1220 


1146 

1 1 48 






1102 

1095 


1092 




1065 

1065 




1060 


985 

985 

^1 

983 




B 45 

064 

r'^CD 




Group a 

700 

792 

W^(I) 

576 

1.38 



755 

750 

T^(l) 





660 

675 

R^(II) 


' 


Group b 

626 

652 

¥'"(11) 

490 

1.27 



575 

584 

/(II) 





coixtd* 


1 



I 
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Tablo 3*7 ccu'id. 


1 

2 

cio 

3 

610 

4 

^4 

5 

620 

6 7 


5C7 

515 

e'^(iii) 



Grouj) G 

460 

478 

w^(lll) 

(M 

CC 

1 .25 


110 

124 

t'"(iii) 





375 





^Shown in Fit?s, 5.0(c), 5.9(c) and 5.9(d). 


y 

Ratio of fruquuncius of a mode of H 2 C otservod in RT spectra of NSH 
and of DgC in KGD. 

^HFMP s= tormonic frequency of multiphonon process. 


TABLE 5.8 


0 / 

Poroi. field constants for liLrational modes of 




Molecule 

k - kl 

V { 

k' 

rl 

k 

H 

k ° 



(i ) HT oi;>ec tra 






%o(i) 

r.42 

0.86 

0.01 . 

0.6^1 

0.73 

+ 0.09 

V(ii) 

0.42 

o.y, 

0.52 

0.39 

0.46 

+ 0.07 

1120(111) 

0.42 

0.52 

Q.28 

0.20 

0.24 

+ 0.04 

(ii) LT Bj) 

ectra 






H20(I) 

0,42 

0.92 

0.84 

0.67 

0.75 

+ 0.09 

^20(11) 

0./^ 

0.56 

0.53 

0.41 

0.47 

± 0.07 

HgCClIl) 

0.42 

o .% 

0.51 

0.21 

0.26 

+ 0.05 


®'in mdyno/A. \omputod from Eqn. 5.7e. ^computed from Eqn. 5.7f. 
of the values given in columns 4 and 5 * deviations in values. 
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TABLE 5.9 

uynr... Ir;, c L'u.oification of 288 phonon inodes in <?(-KiS0^ .6H2O crystal 


Pli -n 

frc:r.i“' 


Present study' 


Jager and Schaack 


LiLr.'li h.:(h,,C) 

^izo'n 

'\)(C r., it x) 

i'if triii tisj 

Exturral 
Tranniati -nu 


9^1 +9-2+9B^ +9B2+I CE 
9A^+9A2+9B^+9B2+18E 
5 a^+ 4A2+4B^+5B2+9E 
GA^+7A2+7B^+8B2+15E 

2 A^ +4A2+4B^ +2 B2+6E 

2A^+4A2+4B^+2B2+6 e 


"1 OA^ h- 8A24'8B^ 4''1 OB2“i'i 8E 
8A^ +1 OA2+I OB^ +8B2+I BE 
5A^ +4A2+4B^+5B2+9B 
7A^+8A2+8B^+7B2+15E 

A^+5A2+3B^+5B2+6 e 

A^+5A2+3B^+5B2+6E 


Total 


55A^+37A2+37B^+35B2+72E 32A^+40A2+56b^+36B2+72e 


\>do}tot<ni il'.t, intt mal raodos. 

K 

Ronult:' '•-» urit coll approach and the site symmetry approach 

Wk ?4» 

c<iiirl.htriiM' (lliOg)' part of the con^jlex as a molecular unit of 0^ 
syinnitjtr:,' • n'* i.-ach HpO moloculo as separate entity for its lihrational 
aw! intumal moiles. 

°Reatltc t r the site symmetry approach considering symmetry for 

Detailed classification is given in Ref. 81. 


f 







a-axis 



T=:Twisting axis 
W = Wagging axis 
R = Rocking axis 


c ■ axis 



l)^ = Symmetric stretch 


^ 2 = Bending 



y = Antisymmetric stretch 
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IG S.2 DIAGRAMMATICAL REPRESENTATION OF (a) LIBRATION AL 

(b) internal modes of water. 
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Fig. 5-4 Scattering diagrams for all arrangements 
discussed in this chapter • 
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Fig- 5.5 Raman spectra in 0 -H stretching 
region of o< - Ni 504- 6H2O single 
crystal . 
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,F,g b// IIv(ATR) .iK'.t. . ..t -Kjlc cry.lai of .< -NiS 04 . 6H^0 

* crrr‘ (5) 2005' 25-’ cm' range recorded by keeping its(00 p 


contact wit* rP 5 crystal- 











b 



*0H =:r= .9572 A° 

OG=ro= .0651A° 
HG=r|_j= -9189 A° 
AH=GB=c= .51€0A° 
BH = GA = d= .7572 A° 
*/H0H = 104.52° 


Fig 5 10. Geometry of H 2 O molecule in vapour (*^from ref.85). 
c.-axis passes through G X to H 2 O plane 


Fig. 5.11 


C2 



o Hydrogen 


' -i2 + 

Model structure of rNi(0H2)g| complex ion 


APPEraiX 5.1 
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Oi; THE SYMffiTRy BEEAYIOUR OP MBTAL-AQTJO-CCMPLEX [h(OH ),! 

AH ANALYSIS POE '^5'l(CI!2)g III o(-NiSC^, 

Iht' iQotal-aquo-complex occupies lattice positions 

like a nirrJf.' molecular unit in several crystal hydrates®^ and thus can 
static.'uilj bo regarded as a quasi-molecule. The complex has been consi- 
derod si-mo limes ’ ' as a system of symmetry T^ while at others that 
c>f in order to discuss its dynamics. The question, whether both of 
those point groups are equally appropriate or one of them should be 


preferred, has not been answered. Herewith we discuss the symmetry 

2*f 

behaviour of in NSH crystal as a special case. 

A hypothetically ^mmetric structure of (in 

which all Ni— C> distances are equal and all H^O molecules have C2^ 

^mmotry with H atom configuration conpatible with T^^ symmetry) is 

89 

shown in Pig. 5.11. The Tj^ point group has ^ only one class of two fold 
axes (5C2), aJWh of which would pass throu^ the Hi atom and the opposi- 
tely situated pair of oxygen atoms as shown in the figure by unprimed C2 


axes. 

Crystallographic ally it is known^^ that KSH crystal belongs to 
space group with 4 formula units per unit cell. In the crystal the 
NiCOHg)^'^^"^ conplex occupies C2 site the two fold axis of which passes 
only through Ni atom (not thxoU^ the oxygen atoms) and all the H2O 
molecules of tho conplex occupy sites. Thus HgO^ positions in the 
crystal are incompatible with the site symmetiy of Hi atom under T^^ 
symmetry of tho ccmplex} hence a correct correlation between Cg of 

the point groups Tj^ of the conplex and of the site, —necessary to 
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find ('Ui th. synmu.'try sxjecios of 288 phonon hranohos describing tho 
dynamics of NSH crysta.1 — can not be establidhed. 

o , 

Evidently, tho modes cf |Ni(CH2)g"]J for this crystal can not 
be considered as the bases of cllfforent irreducible representations of 
Tho appropriatonoso of 0^ sjoMotry, .hich could be the 
only other choici; neglecting the positions of S atoms and under assumptions 


specified bof.-re, may nov bo examined. 

89 

Tho point group has two classes of Cg operations ; one of 
them contains 5Cr, passing through Ni atom and tho two 0 atoms identical 
i<‘ that of point group, bat the other contains 60^ passing through 
tho Ni atom rond bisecting two parallel aides joining nearest 0 atoms 
(corrosponding to the primed axes in Fig. 5*11) • The aocis of the site 
of conplex in the crystgil belongs to this latter class of 

operations. A consistent correlation between 0^ (i*o* of the site) 
and point groups can, therefore, be established. 

It is inportant to note that no configiration of H atoms in the 
con^lc-x can be consistent with symmetry but tins is a better choice 
ainco under it the positions of C atoms (nearest neighbours of Ni atom) 
are compatible with Cg site of the complex. Consequently, it has to be 
cr,ncoivcd that positions of H atoms do not affect the dynamics and 
symmatrj' bdr'.viour of the complex. It implies that the inter molecular 
interactions in the cruplex involving H atoms are insignificant to influ- ^ 
once its motion. The H atoms can, therefore, be neglected, 
interaotlmb mdinly re^onsible to asaooiata m atom vith aim H^O moleomles 
to oo-ordinatlon 

and (ii) the oxygen - ^8“ interaction. Effeotirely, therefore, 
r N«'^ P«t of the complex behaves as a molecular unit of 0 ^ sjnmetry 
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w 

whoro o rei^roaents H2( as a single particle havi3ig mass equal to 18 am. 

The (lynamics of (KiCg) molecular unit accounts only for those 
modes which involvf; tranalatory degrees cf freedom, i.e. relative displace- 
iw.'nts of centr'.'S of mass of each of the six H^C molecules and the Ni atomi 
thi 1 ibr'* ti' nai :md the internal modes of HgC are left aside revealing 
that orsch of the six HgiJ molecules behaves as a separate entity for these 
mode:;. P'C* mch differential behaviour, the distinction, that the 
tranoiatory mc/dos involve displacement of centre of mass of a molecule 
while tho librational and internal modes keep it fixed, appears to be a 
rcsponoible factor. Following these inferences we worked out the classifi- 
cation of 288 phonon modes in NSH under symmetry for (HiO^) using 
the site symmetry approach (cf Table 54). A brief suiimary of this classi- 
fication is given in column 2 of Table 5.9. I't is found to be identical 
with that obtained by unit cell approach as evident from the comparison 
of remits obtained in Tables 5-2 and 5-4. This supports the validity of 


Cj^ symmetry consideration. 

81 

It i.'iy i>ut bu out of plaoo to mention tiiat Jager and Sohaaok 
have alr,o olitoinud ’the symmetry ^eoies of 288 phonons in BSE crystal on 
tl o h-isio of the site symmetry approach, and on the assumption of 
symmetry for ^Bi(0H2)5']^-" giodp. Their results are summarised in 
oolumn 5 of Tahlo SU- A detailed o.«i>arlson of yarious modes ottained 
hy jagor and Sohaaok®' with those ohtained during present investigation 
(of =olu»s 5 and 2 in Table 5-9) reveals that for modes, the 
^try break-up is Identical ^t not for modes involving H^O and 
rslCoH ),yh d'>rlously beoanse of the urong assuwtion of T^ group and 
incorrect correlation between the Cg a^ces oi 2 


the site. 
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Although we have not examined the symmetry hehaviour of 
|~ Ni(0H2)g'^^''' type metal-aqU'O-con^jlex in other crystals, the 0^^ symmetry 

may bo generalized for it as discussed in the following. The observed 

w SS 

j/f 0 distances in large number of conploxes lie vTithin 2.0 - 2.8 1 and 

are therefore not ^ort,ir than Ki 0^(2. 02 n) in BSH. Thus the distances 

between different water molecules within a complex would also not be shorte 

than thnsG in |^Bi(0H2)g*| Since the strength of intermolecular 

interactions doer oases with increasing separation between the molecules, 

such interactions involving H atoms in other coii5)lexes are expected to be 

as weak (may be even weaker) as in £Bi(OH2)5] ^ Thus, as has been show 

in case of NSH, the positions of H atoms should not decide the symractry 

behaviour of mcjtal aquo-oomplex in other crystals also which supports our 

generalization^ causes like "^(Al — -O = 1.87 where >£ 0, 

distances are shorter than M 0^ may act as exceptions to it. 
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APPENDIX 5.2 


The frequency (V, in cm ) , integrated intensity(l^in parenthesis) and 
the width (PWIMIjCm ) of Raman bands in the spectra of* single crystal of 
0 ( -KiSC_^^ . 61 -];, C' . 


( 

cc) 


(aa/bb) 

®2 

(ab) 

E ( 

ac /be ) 

\) 

(I) 

wmi 


(I) 

FWByil 

\) 

(I) 

¥4mi 


(I) 

EWHMI 

1 

2 

3 

4 

5 

6 

7 

8 

5420 

(12.5) 

125 

3455 

(7.5) 

145 

5455 

(8.2) 

85 

5460 

(5.5) 

82 

5375 

(7.5) 

110 

3375 

(7.6) 

136 

5560 

(7.0) 

82 

5404 

(6.0) 

82 

5290 

(7.1) 

95 

3285 

(8.1) 

145 

5282 

(12.1) 

78 

3510 

(8.0) 

85 





5250 

(6.5) 

05 

5225 

(0.0) 

100 

5190* 

(10.0) 

125 

5198* 

(10.0) 

185 

5144* 

(10.0) 

155 

5134* 

(10.0) 

200 




1125 

sh 



1150 

(21 .0) 
22 

1085** 

(10.0) 

22 

1087** 

(10.0) 

52 

1095** 

(10.0) 

58 

1089** 

(10.0) 

50 

985 

(7) 

5 

985 

(?) 

5 

905 

(12.0) 

5 

907 

(16.0) 

7 



867 

df 



860? 

df 



753 

df 

806 

df 

796 

df 


contd. 
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Appendix 5*2 contd. 


1 

2 

3 

4 

5 

g 


8 







645 

(t.o) 

14 

605 

(20.0) 

39 

61 G 

(16.0) 

34 

619 

(12.0) 

56 

616 

(25.0) 

50 







545 ? 

df 







495 ? 

df 

461 

(7.5) 

30 

472 

(7.5) 

24 

475 

(44.0) 

24 

475 

(25.0) 

30 



445 

(1.0) 

10 

446 

(4.0) 

15 

446? 

(?) 

426 

( 12 . 0 ) 

20 

428 

(3.1) 

27 

420 

( 2 . 5 ) 

25 

426 

(3.0) 

15 

574 

(9.5) 

24 

370 

( 4 » 0 ) 

24 

500 

(2.3) 

25 

502 

(5.0) 

20 

297 

( 10 . 0 ) 

44 



290 

sh 

349 ? 

sh 

272 

(4.5) 

1 6 

265 

(6.5) 

26 

266 

sh 

270 

(9.5) 

22 



240 

(5.5) 

25 

256 

(35.0) 

32 

250 

(11.5) 

17 

214 

( 16 . 0 ) 

21 

214 

( 0 . 0 ) 

21 

215 

(23.0) 

17 

215 

( 8 ^ 0 ) 

25 







175 

(7.8) 

17 

164 

(10.0) 

24 

167 

( 1 . 0 ) 

20 



168 

(6.4) 

16 



146 

( 2 . 0 ) 

14 

147 

(6.0) 

17 





150 

(4.0) 

17 



157 

(7.0) 

15 


contd. 
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Appendix 5*2 contd. 


1 

2 

5 

4 

5 

6 

7 

0 

122 

(6-5) 

19 

121 

(2.0) 

11 

122 

(1.0) 

22 

110 

(12.0) 

15 



107 

(4.5) 

20 



100 

(4.0) 

10 

05 

(1-5) 

12 





86 

( 14 . 0 ) 

9 



69 

sh 

71 

(4.0) 

21 

75 

(2.2) 

9 





62 

(2.0) 

11 

''64 

(17.0) 

10 





50 

(4.2) 

9 

55 

(5.0) 

0 

45 

sh 

47 

sh 



42 

sh 


^For the relativeness of these value see the text, sh = shoulder, 
df = diffuse. 


246 


iPPENDIX 5.5 


Frequency (l)), width (PWHMI. A\)) and relative integrated intensity (l) 
of IR hands observed ira spectra of microcrystalline o(-NiSO^ .6H2C 


RT ( 500 °K.) spectra 

LT ( 120°K) spectra 

\)(cm"^ ) 

A\>(ciu ) 


0 

-A 

A'0(cm'"'' ) 


3460 

220 

39.0 

3400 

160 

25.0 




3410 

130 

16.0 

5290 

220 

37.0 

3310 

120 

21 .0 




3240 

120 

16.0 

3045 

260 

19.0 

3095 

120 

16.0 

2400 

? 

df 

2400 

? 

df 

2260 

? 

df 

2265 

? 

df 

2095 

? 

df 

2120 

*? 

df 

1635 

130 

5.0 

I642 

130 

5.0 

1240 

120 

3.1 

1240 

120 

3.4 

1140 

45 

6.7 

1140 

45 

7.1 

11C2 

40 

10.0 

1095 

40 

10.0 

1065 

42 

4.5 

1065 

40 

4.5 

905 

0 

? 

905 

8 

0.3 

045 

120 

3.2 

064 

45 

2.6 

700 

105 

5.0 

792 

45 

4.9 

735 

00 

2.4 

750 

40 

1.0 

660 

55 

4.7 

675 

35 

5.6 

626 

40 

4.1 

652 

25 

4.2 

610 

20 

5.0 

610 

20 

3.2 

575 

- 60 

3-5 

• 504 

50 

2.8 

507 

90 

4.Q 

515 

40 

4.5 

460 

80 

6.0^ 

470 

40 

0.5 

410 

105 

3.2 

424 

40 

2.7 




375 

20 

1 ,0 


Relative to the arbitrarily chosea intensity 10.0 for 1102 cm band, 
df = deffuse. 


^Relative to the arbitrarily chosen intensity 10.0 for 1095 cm band. 




CHAPTER VI 

STTIMEY 


T?ic pro3(;nt spectroscopic investigations using IR absorption and 
Raman scattering techniques were undertaken with a view to understand the 
lattice djTiainics and rela,ted phenomenon (e.g. the ferroelectric phase 
transition) in ( 3 ^'H 4 ) 2 S 04 , (NH^) 2 BeE^ and oC-HiSO^.bH^O crystals. The 
resulting inferences have been summarized in this chapter alongwith the 
other important informations available on these solids in literature. 

(unJgSO^ undergoes a ferroelectric phase transition at T^(225'’K). 

16 9 

Above and below^ this tempera taro , the crystal belongs to D 2 j^ 

^ 2 - 

groups re^eotively. In paraelectric phase (T < T^), both and SO^ 
ions occupy C ( v) while C. sites in the ferroelectric. The crystal 

contains crystal lographically inequivalent IIH^(l) and lIH^(ll) ions. The 
SO^” ion has almost a tetrahedral structure in paraelectric phase but 
relatively large distortions in ferroelectric phase. On the other hand, 

NHt ions possess more distortions in the former phase than in the latter 
phase. The H-bonds are relatively weaker in paraelectric but on the 
average they are strong in both phases. All these informations based on 
crystallographic studies agree well widi our spectroscopic observations 
which also add that (i) the force fields governing the dynamics of 
mj(l) and NIfJCll) are almost identical and (ii) ike phenomenon of proton 
tunnelii^ occurs (as also proposed by others) in the doable minimum 



potnntifa possibly exhibited by some of the stronger H-bonds (H-H...O) 
in tho cryst-ii. Although, latter inference is corroborated by few other 
stMion, however a more direct evidence is still needed. 

Tho ferroelectric phase transition in (KH^) 2 S 0 ^, is an abruptly 
occurrin/; lirct order transition accompanied by a latent heat of about 
0.95 hcal/fiiolo» The volume and dimensions of the unit cell exhibit signi- 
ficant Lind oiddon change at tho transition temperature. This temperature 
is neither affoctofi by deutoration nor by electrostatic biasing field 
applied alon; tlio ferroelectric c-axis. The hysteresis curve just above 

T exhibits a lino shape. The change in birefringence at T is mainly 
c c 

accounted for by olasto-optic effect. The line width and 1he second 
momcint of PI® spectra are not affected by the transition. 

Alongwith tho above inferences drawn out from earlier studies, we 

2 - 

note from our experiments that (i) on cooling the crystal, the SO^ ion 

gets considerably distorted in a narrow range of temperature around T^ and 

(ii) the ions follow a relatively slow change. In addition, the 

computations based on a point charge model assumed for the electrostatic 

n+ 2“ 

charge distribution in a tetrahedral AB^— ion show that (i) SO^ ion 
contributes shout 5®"” oB total spontaneous polarization at 180 K 
and (ii) the array of dipoles, with respect to their c-conrporosnts, defines 
a f erricl octric structure, while an anti— ferroelectric structure with 
respect to ttx.’ir a-— and h— cenponents. 

In view of all these observations, it has been inferred that (i) 

the driving interactions of the transition in ( 1 JH^) 2 S 0 ^ arise due to 

2 - 

covalency effects in &-0 bonds of 30^ ion which triggers the transition; 
the ions acquire an appropriate change, (ii) the order parameter, needed 
for phenomenological description of the transition, may have several 



ooirponents but the ^ontaneous straan at SO^ sites appears to be the major 
one, (iii) the soft mode may be considered to be a mixed mode havirg mjor 
contributions from the internal modes of S 0 ^“ ion, (iv) the mechanism of 
the transition involves change in internal structure of S 0 ^~ ion; it is 
neither as simple as order- disorder of permnent dipole moments of NH^ ions 

h|. 

nor is cds)')lacivo type involving relative displacements of and SO^”" ions, 
(v) the transLti'n appears to he an ordinary molecular phase transition 
resulting ferroelcctricity as its seconda.ry effect; thus (UH. )pSO. has been 
correlctly put among the improper ferroelectricts, (vi) the spontaneous 
polarization most likely depends on the temperature of the crystal, hence 
such results reported by Unruh and coworkers are more realistic in conipariaDn 
to those reported by Hoshino et al and Ikeda et al and (vii) the obser- 
vation, showing dependence of T on the strength of electrostatic biasing 
field reported by Kamiyoshi and Miyamoto seems to be unrealistic; the 
correct observations arc perhaps those reported by Hoshino et al and 
Unruh. 

Our other investigated crystal (HH^)2BeF^, is isostructural with 

(NH^) 2 S 0 ^ in the paraelectric phase. Although in the ferroelectric phase 

9 

both crystals belong to space group, the axis of symmetry (C2) is 
observed along b-axis in the former crystal while a,long c-axis in the latter. 
The observed Raman spectra of single crystal and the IR spectra of micro- 
crystalline (1111^)226^^ can be consistently analysed in view of the above 
mentioned knowledge of the structure of this crystal. This analysis 
indicates that (i) the H-bonds on the average are weaker (not very 
significantly) in (KH^)2BeF^ than in (KH^)2S0^, (ii) the force fields 
describing the dynamics of crystallographic ally inequivalent KH^(l) and 
are almost similar and (iii) the phenomenon of proton tunneling 
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perhaps occurs in the doulale minimum potential which may possibly he shown 
by H-honds (W-H.-.P) becoming enou^ strong in ferroelectric phase of 
(NH^)2BoP4. 

Alth’.sugh, the ferroelectric phase transition in is a 

first order transition, it is close to being a second order. The 
value of (ITS^K) goes uj' by 3 ' on deuteration. The biasing electro- 
static field promotes the transition and a doable loop is exhibited by the 
hysteresis curve just above T . The change in the birefringence can be 
accounted for by electro-optic effect. The line width and the second 
moment of PMR spectra of (KH4)^BeP4 are not affected by 1 he transition. 

The spontaneous polarization increases with decreasing ten^ierature . 

Alcngwith -those facts known from earlier studies, the present investiga- 

2_ 

tions add that (i) BeP^ ion has enough distortions to contribute signi- 
ficantly to -the spontaneous polarization of (NH4)2BeP4, and (ii) the 
changes in dynamics and stnxture of BeP^ and ions occur in a wide 
range of tenperatire arcund T^. 

Abc>ve mentioned observations can be simultaneously rationalized 
if the following model is omsidered. Accordingly (i) the driving 

interactions of the transition in (iJH4)2BeP4 are of electrostatic type and 

2 - 

seem -bo be centred in BeF^ ion whose Be-P bonds have 72 % ionic character, 
(ii) the crystrJ. is a proper ferroelectric in which the ^ontaneous polari- 
zation acts as the major conponent of order parameter needed to develop -the 
phenomenological theoiy of the transition, (iii) the transition can also 
be described in terms of a soft mode (mixed mode) having major contributions 
from modes involving displacements of F ions; minor coitribution from 
the translatory modes of can explain the shift of T^ on deuteration 

and (iv) the mechanism of the transition is not as sinple as order-disorder 



251 


phenomanon involving permanent dipole moments of ions; it rather 
involves the relative disi.)lacements of constituting ions, 

Althaigh, and (NH^) 2 BcF^ are isostructural with each 

other and the cati ^n triggers the transition in both crystals, however the 
former hchavos as an improper ferroelectric showing spontaneous polariza- 
tion along c-axis, vjhilc the latter is a proper ferroelectric showing 
spontaneous jjolarization along b-axis. Such a differential behaviour 
may bo attributed to the fact tint Be-P bonds are highly ionic while the 
S-0 bonds arc highly covalent. 


The tetramolecular unit cell of the remaining Of-NiSO^ . 651^0 
belongs to space group. The crystal appears to be the stacking of equal 
number of and SO^"" polyhedra assuining almost the and the 

structures respectively; both occupy C 2 sites wiih only central atoms on 


the axis of symmotry. Six H 2 O molecules of the metal-aquo-conplex 

arc equally distributed over three inequi valent sites of 
symmetry. All these structural informations can be consistently correla- 


ted with the observed Raman and IR ^v^ctra. On the basis of a group 
theoretical analysis, it has been shown that the ^i( 0 H 2 )g'j| exhibits 
symmetry behaviour for its quasi— internal modes which account for all 
tsCScKislat ory degrees of freedom cf one Ki ion and six H 2 O molecules; eanh 
HgO molecule behaves as a separate entity for its internal and lihrational 
modes. Such a differential behaviour may he rationalised in terms of the 


fact that translatory vibrations result in the displacements of centre of 
mass of a molecule while the internal and libraticnal modes keep it fixed. 
It has been argued that intermolecular interactions in |^i(0H2)g"^ 
complex involving H atoms are negligibly weak. This inference may be 
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to niost of the complexes of simple model 

dcvelopjod to compute the force field constants involved in the librational 
inod.©s of* ircv©£ils ‘fc!h3,'ts (i) “bh.©©© mocos Q/Icb inGLinl^^ ^ov©m©d. "by "bh.© 

force fields provrled by the displacements of H atoms and (ii) the wagging 
froijuuncy irraut be lower than the rocking frequency for a 1^0 molecule show- 
ing in~plano bent H-b'jnds while the reverse is expected for the one showing 
bifurcated H-bonds. In certain cases experiments may show observations 
divcirsirg from tbo latter inference within the errors arising due to the 
siffiL-licity of the model used. 

As such the present investigations on 

O^-NiSO. .6H_0 pirovide fairly accurate spectroscopic (Raman and IR) data. 

4 

The detailed analysis of these data has helped in understanding the lattice 
dynamics of those solids and also the phenomenon of ferroelectric phase 
transition in the isomorphous (NH^)2S0^ and (KH^)2Be5’^. It also deals 
fairly, with the dynamics of H^O molecule in a large crystal, the 
(?^-NiS0^.6l^0. Finally it is hoped, that these investigations may prove to 
be the assets tc unravel the lattice dynamics snd related phenomena in 
crystals similar to those studied here. 
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GiTi^AX moiiois Hi ^ioisctiLAB CBYsms OB iua.j3rs:s 

Y.S. tTPin and IIO, 3ist 
■DepartT.ent of Ihysics 
Indlm Institute of technology, Kanpur-16 

I. 

In this paper we suggest a model to erplain the observed infra- 
red (ir) absorption and Bairan scattering by the optical phonons in 

halogen cryotals which can not be understood satisfactorily consider- 

'* ( 1 — ‘ 5 1 

ing only two coplan&r molecules in a unit call . 

XI. BISC^naCOH 

x-ray diffraction studies in the poiycrystalllne films of 
halogens indicate that all of them exhibit a molecular layer structure 
and belong to space gi*oup with fotre molecules per xxnlt 0611 ^*^"^^ 
this -rtracture in which each molecule is located at the site C , Is 

I. 2x1 

shown schemati rally in the left half of Big* t and is hereafter refer- 
red to as nodel I# An analysis baaed on this model does not e-cplain the 
Invariably oba#^rvcJ Internal modes of halogens in the ir spectra of all 
thtet crystals* i better comprehensim of the optical phonons could be 
achieved If our auggeetlcn regarding a model having 4 molecules in a 
unit c^ll and belonging to space groy{> is valid for the crystal 
struetu'^. A ochemtlr diagram for the suggested model (referred to as 
model II ) la shewn in the rigjit half of Big. 1. 

In model II the halogen molecules are constrained to have site 
n^wmtrj by displacing them v/lth respect to their postticjns in moiel I 
by a jr&ll but finite saount in tbs be plant} thus destroying the centro 
of invirsion falling on thoir Inter atomic axis* Model II maintaino 
close cmiilfitffftcy with tha structure m.ioigned from X-ray techniques in 
th#) itr>3*5 th,tt th« Itjjwnctono of the mit cell and the separations bet- 


O rC^-Uircd 



^ • r . V 



FIG* 1. Projection of crystal structure of halogens in be plane in 

models I and II with existing symnnetnes shown underneath* 
The original halogen positions denoted by open circles (O) 
have been displaced to take positions of filled circles (#) in 
model IL Standard notations are used to drrote: the mirror 
(U.) the ghde(K *.*-*-.,.* the diagonal ghde platnies; 

the tv/o fold { ), the two fold screw ^ ) ajccs and 

inversion centres (O)* The fractional numbers denote the 
in terms of lattice constant a* 






■CO convorfc tLOdel I to molel II inay poaiibly bo undetectable by X-ray 
techniques* 

Inking 4 molecules per unit cell, the spectral activity and pol- 
arl/^ations of fundtcental optical phonons and acoustic moaes have b.cn 


in Table 1 for both model I (column 4 ) and aodel Il(coluimf !l 


Tnble 1: 

Syirmotry species of fundamental phonons in halogen cxystalr 




Syimnatry 



Hjrpes of 
motion 

lao- 


Crystalline state 


la ted 


Model I 

Model II 


'‘Jit'e" ' 

feiyatait 

Site 

CrystalT 


ih 

-2h 



Dzh 



\ 

-^2u+^1u-^^1u 

A' 

r 

Aff+%g rB2u+Stu 

Trinolitlrn 


'h 

to 

‘^+ 

a" 





a’ 


Hotatlon 

TT. 



A’ 

A +3^ +3. +B^ 
g 3g 1u 2u 






+B« +’A HhIL 

Ig 2g u 

Yibi’sitim 

u 

X ^ 

0 


A’ 

A ’*"^ri 

g 3g 1u 2u 


t In colJrH'j 1 ^2u ^3u ■’’'^note the infrared (ir) '=‘Ctivo 

ro1‘i!D ilrr/ y and SHaxis, re .^jpec timely * All the nodes 

'.vitb g 'Jub^Cl1|t «^ctlve* The u species (except A ) are 

Ir fiCilvt* ^ 

if 

Inlic'^tes the acoustic mode«+ 

The available ir and IteTan data have been summarised in Table II where 
oiur aaolgnr*int® (coluam 5) based on model XI have been given 

along tbo«# of tarliar workers'' (column 4)* 

:!odel II explain® the occurrence of the mtenaal modes la the ir 
spectra of all thost crystals (Cf* Table II)* The intenctty distribu- 
tion In the Eamn apeotm also supycrts the model in the sense that 
tht two coot Int^^naft band® could be attributed to the librational 

fbt *ipllHirgc observed in Haman scatteriag In the Internal 
phonon r'*glon and th® occurrence of only two promlntnt bands in ir in 
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Tibli II s Cba.i.'vui o|tlcnl and their 

r.'" 3 l' 3 n**’ r.t.i in hUopm crystals 


1 ^ol'uiona'*^ 

’"^2 ^^2 ^2 


Zarllurt -oCal li 


533 [r) 

2J4 («} 


.u(l’i) 

Z2C (■■•/} 

J22(t,7) 

2:6 (m) 


looCltt) 

Inn(la) 

a’* 

If 

133(ty) 

113 (s) 

CM (..) 

77 (t-.-: 

3 OI (v.;) 
IIOIt./) 

( s } 

:2 ( 3 } 
7C(w} 
53(v.v/ 




? 

ir 

ir.,1 




2.M (v) 

211('7) 

210^^ 

? 

:: (j) 

7-) ( 3 ) 

55(h' 

ei*’^ 

B2u (I) 

i'.2 (':) 

47 (t) 

41 (s) 

33u (?) 



41'^ 

**> 

9 




Ag (im), 
Iso (iie) 
loo (itt) 
33 g (ieI. 

V%g I- 

Sig+ 32 g(^) 

Wg W 

Ag+B 3 g vl) 


^lu+^u W 
B 2 u (i; 
Bju (tJ 


Biu+B 2 u (i; 

+ 33 u 


rii '■"jT.-m .Vii I .'!'! fro:; r:^-r'’noofi ( 2 ) ari (3); nnd Ir data ara from 
."'•f 'r-'r.cj (lj (rv!.’ ir .ibnor/tior. -ata far aolta ioCir.a t^^Jran at !?T 

ujir:; nu.^cl *mll tichrlwj h-»yj l'3:?n cihwm in tht tabla \titli double 
•'nlarlr:!!:* (n)» (-v) ^ni (y.v) hvn b<»j‘jn u^«^cl to denote stron^t 

*7? 1 -rd v-ry /jnk In L *ri'iitiwO. 

A 

trcn il ationul, libr illon-"! , ond iritr'.^nal modet h.iv« been denote 
by (T.) mi (ir) roarontlyely* ^loo* r]rrro**0nt’^ type mode 

ccr**eo' cndin to th^ iooto^ic o|.eci«o* 

imiuntn of art fro© r«'f».*rincas (2) and (’ 5 ) and thoa 

of Ir bindo 'Vol r?'*jrenca (l}« 


Thi ib-:enf*y of % additional a'cpactad lib rational bands in 
the ir npcctra tor model II ©ay be due to Yoxy' asroll chmz^ dipole 
I or.ent for theee modeo* Single cr/atal work on iodine wotald be neces- 
sary to une^yaivc'’‘ally support the above model* 

*?l:e iuthor*j *^atsful to Iroforoor I* ¥enkates‘»nrlu for help- 
ful diacresionc luring the course of work* Thanks aro due to the CSIl 
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PISCUSSION 

K.S. Ch-mdrasekaram 

X-ray diffraction gives straight forward infor- 
mation about the symmetry elements of the unit cell . 
Centre of symmetry is also unambiguously found by 
statistical methods as well as by anamolous scattering 
techniques for non-centrosymmetric cases. After find- 
ing the structure (l.e., the positions of the atoms 
in the unit cell) by comparing calculated aind observed 
diffraction intensities, information on local symmetry 
is also obtained. 
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The Out-of-Plane Vibrational Modes of Chlorobenzene in Its 
Ground and First Singlet Excited States 

Y. S. Jain and H. D. Bist^ 

Spectroscopy Lahoratoiy, Department of Physics ^ Indian Institute of Technology, Kanpur 16, India 


The study of 2699 A electronic band system of chlorobenzene has been extended to extract 
out all the six hi and three modes in both the ground state (^Ai) and the electronically ex- 
cited first singlet state (^Bo) The procedure of the extraction of these modes on the basis of 
observed sequences, cross-sequences, and overtones has especially been elaborated Strong 
Fermi interaction has been observed between the vibrational level v\h and combination level 
viu + vub in state The uniqueness of the assignments of the modes has been critically 
discussed 


INTRODUCTION 

The planar fundamentals of chlorobenzene in both the ground (^Ai) and excited («B 2 ) 
states have already been discussed before (I, 2) following a method developed earlier 
for the gyrovibronic analysis of phenol (3-5). Verma and Bist (6) have also reported 
the most probable molecular geometry of chlorobenzene in its state on the basis of 
the excited state inertial constants obtained by Cvitas and Hollas (7) by fitting the 
observed electronic band contour with the envelopes computed for trial sets of rota- 
tional constants. However, no comprehensive data are available for the non-totally- 
symmetric out-of-plane modes of the molecule. In this paper we report the out-of-plane 
fundamentals of chlorobenzene deduced by following a method used earlier by Bist et al. 
(4) for the three isotopic species of phenol. 

EXPERIMENTAL 

The survey scan of the electronic absorption was recorded with the help of a half 
meter Jarrell-Ash Spectrometer fitted with a Beckman recorder. A 125 W hydrogen 
lamp served as the source of continuous radiations. The pressure inside a 10 cm path 
length quartz cell was varied using dry ice for cooling the reservoir of the sample. The 
details for recording the high resolution electronic and infrared spectra have been 
described earlier (i). 

RESULTS AND DISCUSSION 
Computakon of Fundamejital Frequencies 

Chlorobenzene has 30 normal modes of vibration. On the basis of the analysis of high 
resolution rovibronic spectrum eleven a-i and ten &2 planar modes of the molecule could 

^Present Address* Chemistry Department, University of Western Ontario, London, Canada (on 
leave) 
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be easil\ identified as B- and A-type contours, respectively (1), The nonplanar vibra- 
tions, however, do not appear m the spectrum as 1-0 or 0-1 transitions since the selec 
non rules for them are given by 

+ Az-' = 0, 2, 4, ^ . 

Although chance coincidences in a spectrum (so rich in bands) are apt to lead to errone- 
ous assignment, the fact that 1-1 transitions give rise to the most intense bands is helpful 
in making reliable assignment of the out of plane vibrational fundamentals, all of which 
fortunatel}' fall below 1000 cm~^ for the molecule under discussion. This ensures that 
there are sufficient molecules in the corresponding v" levels to give rise to strong bands 
for sequences and cross-sequences. 

The surve}^ scan of electronic transition of chlorobenzene, as shown in Fig. 1, 

has been used to estimate the intensities of the main bands in the region 2800-2350 A. 
The assignment of some of the prominent peaks are also marked in the figure. 

The observed prominent sequence-intervals are listed in Table I in order of decreasing 
intensity Sequences and cross-sequences connecting ao fundamentals are shown in 
Fig. 2 while those connecting bi fundamentals are shown m Fig. 3. In the middle portion 
of each figure the numbers denote the approximate intensity of the transitions with 
respect to arbitrarily chosen intensity of the origin (0-0) band as 100. Notations sug- 
gested by Wilson (8) have been used to denote the vibrational modes of the molecule. 

The combination differences between the pairs of levels have been computed from 
the observed sequences and cross-sequences using v^'ua, and v'm frequency 

levels as base levels. To fix p"iQa and v"uh frequencies, the use has been made of the 
observed overtone transitions 16a2^ (—806.78 cm~B and 1652° (—934.12 cm"”^- These 
data lead to v'lQa = 403.39 cm""^ and = 467.06 cm""^ with the assumption that in 
®Ai state 16a and 165 modes behave as harmonic modes of vibration. The reliability of 
the assumption lies in the fact that v"ua (403.0 cm"^) and (466.9 cm^^) frequencies 
obtained from other studies (P) are almost equal to those obtained in present. The base 
frequencies p'ua and p'lu could now be easily deduced by using sequence transitions 
16afi and 165i^ which are reasonably assigned to the intense bands at —200.33 cm”^ and 
-146 57 cm“\ respectively. The frequencies v'lQa (203.07 cm”^) and p'lQb (320.49 cm“^) 
calculated in this way are confirmed by their overtones observed at 408,58 cm“^ and 
639 88 cm“^, respectively. Finally the frequency of each of the fundamentals could be 
calculated by adding the base frequency and the mean value of the related combination 
difference. 

Cvitas and Hollas (7) have discussed the assignment of some prominent sequence 
bands (cf. Table I). However, we disagree with them in a few cases for obvious reasons. 
The authors (7), however, misinterpreted the sequence band observed at —37.25 cm"“^ 
as 16ai^ and could not find any reliable assignment for one of the strong sequence bands 
observed at —200.33 cm“k The former band is undoubtedly 6ad arising due to the 
abundance of ^^Cl-CeHs molecules. This is evident first from the apparent ratio (1:3) 
of the intensity of this band to that of the band observed at —38.56 cm“^ which cor- 
responds to 6ai^ transition in ^^Cl-CeHs molecule (i), and secondly by its calculated 
value (-37.23 cm“^) from p"ea (410.39 cm”^) and p'^a (373.16 cm-^ frequencies of 6a 
mode of '^"Cl-CeHs molecule (i, 2). The sequence band observed at —200.33 cm”^ 
should involve an a-type vibration according to Cvitas and Hollas (7) and should cor- 
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< X ( iN A UNIT) 

Fig 1 Vapor phase electionic spectrum of chlorobenzene recorded with a half meter Jarrell— Ash grating using 10 cm jrath length cell at 22°C 
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TABLE I 

Prominent Sequence Ba.nds Arranged in Order of Decreasing Intensity 


Sequence band posi- 
tions (m cm“9 

Assignments 


C vitas and Hollas (7)^ 

Present study*^ 

1 60 02 

20ii (11,‘) 

lip 

-- 7 43 

30i' (ISiii) 

18^>P 

-200 33 

? 

16uP 

- 38 56 


6nP 

-146 57 

19ii (166i‘)> 

i6bi^ 

- 37 25 

14i' (16(ii>)? 

*6ap 

- 93 80 

29i> 

63P 

- 89 85 

20„'1V29,» (ll„'16aoi6ii») 

16 joH 6 V 6 ^iO 


a Assignments expressed in parentheses are in the notations used m the present study 
b % denotes transition in ^^Cl-CeHs molecules 

respond to a lower frequency mode as indicated by its appreciable intensity. The band 
could, therefore, be only assigned as transition. 

The computed frequencies (accurate to dzl cnr^) of the vibrations have been sum- 
marized in Table II along with those of phenol The correctness of the frequencies lies 
in the facts . (i) that these frequencies have been sought as the best fit to the observed 


OOOp 


600 


400 


200 



1000 


4001 



Fig 2 Sequences and cross-sequences connecting fundamentals of chlorobenzene The sequences 
are strong while the cross-sequences except 17<zo^ fl-re weak. Transitions shown exhibit B-tj’pe 
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sequence and cross-sequence transitions corroborated by observed overtone transition 
and (ii) that there exists an excellent agreement between the vibrations of chlorobenzene 
and phenol except for two X-sensitive modes 16b and 11 All the bi modes in the excited 
state show a general diminution in their magnitude with respect to those of phenol 
the corresponding electronic state, the maximum change being 50% for the mode 11 
(cf. Table II). The lowest frequency of 16^^ mode is, however, higher in magnitude 
as compared to the corresponding mode of phenol These differential changes in ao and hi 



Fig 3 Sequences and cross-sequences connecting bi fundamentals of chlorobenzene Sequences are 
intense, while cross-sequences are weak The transitions shown exhibit B-t3q)e band contour An introga- 
tion mark ( denotes a transition overlapped by strong bands in the spectrum 


species may be indicative of a pronounced mixing between some of the modes belonging 
to the two species in the excited state, probably more so in the case of phenol which, 
in fact, does not belong to C 2 v symmetry. 

Fermi Resonance 

Strong Fermi interaction has been observed between fundamental level v'%h and a 
combination level of the same symmetry b^ giving rise to strong bands at 521.03 and 
524.98 cm“h This is indicated by the fact that the intensity varies considerably in 
sequences associated with these two bands The combination level can only be comprised 
of v'l^a and fundamental levels since they exactly fit into the requirements of Fermi 

TPQnnn'nr'P and TTnllac j-T — 1 j-* i i >• 
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r'i6a fundamental levels. On the basis of this assign- 

ment and the misinterpretation of — 37.25 cm“^ sequence band as 16a they computed 
= -1-1 cm~^ which is unlikeh’ because it is far off from its value of 400 cm“^ ob- 
served in the Raman spectrum of liquid Cl-CbHs (10) and from 403 0 cm“^ deduced from 
difference bands observed in high resolution infrared spectra of vapor phase Cl-CeH-j 
(P) The fundamental level p'^b, therefore, undergoes Fermi interaction with p'lba + v'lQb 
combination level rather than p\q^, + v'u combination level 

Xotatwns in the Excited State 

It ma> be remarked at the outset that the notations in the excited state are just for 
the sake of convenience The primary consideration to denote an excited state level 
has been the most intense sequence from the group of transitions emanating from the 
corresponding ground state level, where the notations are more established (/). How- 
ever, even in the ground state, the normal coordinate analysis of monosubstituted ben- 


TABLE II 


Out-of-Plane Vibrational Frequencies in Chlorobenzene and Phenol-//6 


Species 

Mode 

Approximate 

description 

s^ClCsH. 

CeHoOHb 

A*^ 

U V 

ir a 

U V 

1 r 





i-State 




fl2 

17a 

CH bend 

962 

961 1 

995 2 

962-^ 

35 


10a 

CH bend 

831 

832 1 

817 2 

828<^ 

1 7 


16a 

CC twist 

403 

403 0 

408 5 

415“ 

-13 

h 

5 

CH bend 

981 

981 0 

972 5 



-0 9 


in 

CH bend 

903 

902 3 

881.0 

881 

23 


m 

CH bend 

741 

740 5 

750 6 

751 

-12 


4 

CC twist 

684 

684 6 

685 9 

686 

-03 


16/z 

X-sensitive 

467 

466 9 

502 8 

503 

-76 


11 

X-sensitive 

197 

(198 0)* 

244 5 

242 

-23 8 





^Bi-State 




d2 

17a 

CH bend 

729 


734 1 


-0 6 


10a 

CH bend 

616 


615 9 


00 


16a 

CC twist 

203 


187 0 


79 

hi 

5 

CH bend 

699 


725 6 


-3 8 


in 

CH bend 

655 


700 1 


-68 


m 

CH bend 

556 


579 8 


-4.3 


4 

CC twist 

422 


4413 


-3.5 


16^7 

X-sensitive 

320 


358 3 


-11 7 


11 

X-sensitive 

138 


206 4 


-49 6 


See reference (9 ) , * the data in parentheses denotes the Raman value in liquid sample 
D Bist, J C D Brand, and D R Williams, J MoL Spectrosc 2A, 413 (1967) 


C Evans, 16, 382 (1960) 

(vCbHr.Cl - vCgHoOH) 100 


dA = ■ 


taking more accurate u v data alone 
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TABLE III 

Posi riuNS OF Bands (in Terms of Ap)^ Used in Deducing the 
Out-of-Plane Vibrations 


Assign- 

ments 

Av (cm 

r>) 


T 

Assign- 

ments 

Ap (cm’ 

-■) 

P 

Observed 

Calcu- 

lated 

Observed 

Calcu- 

lated 

17^2“ 

-1917 

79 

— 

1924 

0 02 

10^»P 

-185 62 

-185 

loV' 

176P 

-1803 

94 

— 

1806 

04 

166P 

-146 57 

-147 

20 0 

10(12° 

-1659 

16 

— 

1662 

0 01 

10V4i° 

-128 38 

-128 

25 

1062° 

-1480 

53 

- 

1482 

0 02 

17aoTOaiO 

-101 56 

-102 

70 

42"^ 

-1369 

30 

_ 

1368 

0 1 

176oUO^i° 

- 85 80 

- 86 

05 

1662° 

- 934 

12 

- 

934 

05 

lip 

- 60 02 

- 59 

50 0 

16(12° 

- 806 

78 

— 

806 

1 9 

176o14l° 

- 29 20 

- 29 

10 

iion7z>i° 

- 764 

03 

- 

765 

03 

0,0 (origin) 

00 

— 

100 0 

16aoU7ai° 

- 758 

38 

- 

759 

0 005 

5oHi° 

15 20 

15 

0 005 

16V5i° 

- 660 

66 

— 

661 

05 

10^)oT6^i° 

88 50 

89 

0 01 

16aoTOai° 

- 628 

05 

- 

628 

08 

165oTli° 

122 97 

123 

05 

166oT75i° 

- 581 

84 

— 

583 

0.01 

176oU66i° 

187 62 

188 

80 

4oU76i° 

- 480 

68 

— 

481 

0 005 

10(iiol6ai° 

212 45 

213 

50 

10V5i° 

- 426 

76 

- 

425 

0 1 

4oUli° 

224 76 

225 

10 

16&oHO^)i° 

- 421 

30 

- 

421 

0 02 

5on6^>i° 

231 40 

232 

0 005 

16^>o'4i° 

- 363 

73 

— 

364 

0 1 

Ho' 

274 15 

276 

20 

10(ioT7(ii° 

- 345 

35 

- 

346 

07 

17(ion6ai° 

326 45 

326 

25 

17V5i° 

- 326 

24 

— 

326 

0 1 

lO^oUiP 

358 59 

359 

10 

4oDO^>i° 

- 318 

76 

— 

319 

0 01 

\6ao^ 

408 58 

406 

60 

5P 

- 282 

56 


282 

40 

5oHiP 

501 41 

502 

0 005 

4P 

- 261 

67 

— 

262 

20 0 

16V 

639 88 

640 

40 


- 247 

70 

— 

248 

10 0 

4o2 

839 60 

844 

15 

17(iP 

- 232 

68 

_ 

233 

1 0 

lOV 

1112 89 

1112 

10 

lOdP 

- 215 

28 

__ 

215 

4.0 

lOao^ 

1228 19 

1232 

20 

16(iP 

- 200 

33 

— 

200 

45 0 

17V 

1309 32 

1310 

05 

^ Ap ~ (term value of a band — term value of origin band 37050 92 cm~^) 

^ Intensity relative to that of origin taken as 100 (arbitrarily) 


zenes shows that the out-of-plane modes exhibit considerable amount of mixing with each 
other, and, hence, non of the modes could be described as pure unmixed vibration {11) 
Thus, it should be remembered that a one-to-one correlation between modes of different 
electronic states may be still more difficult to establish. However, the notations are useful 
for brevity and we prefer to use them, likewise, to describe the vibrations of the molecule 
in its excited state. 


Conclusion 

In ®B 2 state of the molecule, the force fields governing the planar modes exhibit small 
changes (in comparison to those in ®Ai state) except in cases of ring-breathmg (1) and 
ring-deformation (6&) modes. The latter two modes and all the nonplanar ones seem 
to exhibit appreciable decrease in the strength of their governing force fields. It appears 
that the molecule retfliri«; C» cirmmpfrAr in ifc 
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APPENDIX 

Tht compilation of the frequencies of about 800 bands observed in the 2699 A band 
5 \stem of the molecule has been made in the form of a technical report { 12 ), From this 
report we tabulate here (cf. Table III) the assignment, observed positions, and relative 
intensit\ (I) of only those bands which have been used m deducing the frequencies of 
the nonplanar modes. The positions of the bands, calculated by using the frequencies 
of nonplanar modes found in the present study, have also been included in Table III. 
phe relative intensity of the bands has been estimated approximately by taking the 
intensity of origin band as 100 (arbitrarily) 
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APPEiroiX I 


In this section, the frequencies, relative intensities and assignments 

0 0 

for a majority of the vibronic bands observed in electronic band 

system of chlorobenzene have been tabulated^ 

1 2 

The bands observed are either A - or B -type ’ in the usual asymmetric 

e ® 

top notation* No band was found to have hybrid band character or C -type 

contour. The (0,0) origin band, all the totally symmetric a^ fundamentals, 

and even combinations or overtones of all the modes have B^-type contour, 

shovring a prominent relatively sharper peah in the middle, with weak huup on 

its high frequency side, and a comparatively weak broader component on its 

low frequency side. The inplane non-tally syrmmetric ^ vibrations or the 

comhinalions having symmetiy show 1^-typc contour id-th only one sharp peak. 

The middle peak for B -type contour and single peak for A -type contour have 

s s 

teen moasui'od. In either case the rovibronic origin lies approximately 2.6 cm 

3 

to low wave nxmter side of intense peak • The estimation of relative intensity 
of the bands is based on the intensities of the peak instead of the integrated 
absorptions xirhich would involve large and xmcertain corrections for overlapping 
of the bands etc. The band type is not stated in the tables though it is 
implied in the vibrational assignments. ! 

Tho v' — v“ transitions in the mode k have been conventionally 

represented by and multiple quantimi changes by k^„ 1^„ m^„ etc « The 

5 ' i 

Wilson's notation for the benzene ring have been used to denote the different' 

modes. The superscript "i" before each notation has been used to identify ! 



2 


57 1 

tj*masitions involving CgHgCl molcctilo . 

The poGitions o£ the bands i.e. the frequencies of corros )ondin2: 
bi'ansitxons have have been tabulated in column 2 and assignments in the 
colurnn 1. The difference /W) between the frequency of a partictilar band and 
the the (0,0) origin band has been noted doi'/n in column 5, and the corroGpondi’ 
calcu-lated value from the fundamentals and prominent sequences in column 4» The 

difference between the values given in the column 5 and 4 gives 2x shown in 

♦ » 6 ‘ 

bliG coli-iian 5. 2x, in case of overtone is 2xt(l under dd.atomic a,o'oro3dma.exon , 

’ Q Q 

irixilo iror obhcj;' combination bands shoxrs the effect of combined ,anharrioni.citis £ 
The qocitions of some very \rcalc bands wbich could not be asG3.gncd are also 
tabuln'ofid uubting question mark (?) in assignment coltJmn. 

1, H.D. BlvSb, V.i'i. Sarin, A.. Ojha and f.S. Jain, 

Spcctrocliim. Acta, 26A ,, 841 (1970). 

2, H»i). f3.ob, V.N* Sarin, A- Ojha and Y.S. Jai.n, 

Ai);). Spoebry., 24, 292 (l970). 

3, T. Ovitas mid J.M. Hollas, J. Ibl. Physi, 18, 101 (l970). 

4» 11. D. BLst, J. G.D. Brand, and D.R. Williams, 

J. Ibl. Spectres, 24, 415-487 (lS67). ; 

S. E.rj. Wilson, Jr., Phys. Bev., 45, 706 (1934). : 

G. 0. Ifor^’crg, ’’Infrared and Raman Spectra”, D. Van I'fosti-and CJompany 

Inc. Now fork, 1945. j 



Band positions and relative intensitie s^ The intensities (in 
parentheses) are relative to origin band = 100. 


c s“ H 


Assigninent 

Band position 

Observed 

C, 3 iculated 

2X 

i 

2 

3 

4 

5 


35020. 62 (.05) 

~ 2030.50 

- 2029.46 

0# s 

l“6b°l£a| 

029.80(.0l) 

- 2021.12 

- 2020.42 

- 0.7 


044.42(.5) 

~ 2006.50 

- 2007.56 

0. 6 

6a°8a° 

049.89(.0l) 

- 2001.03 

~ 2003.25 

2.2 

17ap 

133.13(.02) 

- 1917.79 

~ 1923.46 

5,7 

? 

140. 66 (.01) 

~ 151D.26 



8a°18b° 

168.69(.05) 

~ 1002,23 

- 1331.15 

- 1,1 

6a°lSb° 

184.7G(.05) 

- 1066.15 

- 1864.64 

- 1.5 

9ail2i 

192. 30 (.02) 

- 1856,62 

- 1859.50 

2.S 

iJeb^lSa^BaJ; 

193. 86 (.02) 

- 1857.06 

- 1357.57 

0,5 

6b°lSa^l8a° 

209.73(.02) 

- 1841.19 

- 1840,91 

~ 0.3 

I°6b°16a5;i8b5; 

221.97 (.02) 

- 1828,95 

- 1826.44 

- 2.5. 

l°6b°lGaJ 

230.16(.1) 

- 1820.76 

- 1313.01 

- 1.8 

17b° 

246.98(.4) 

- 1803.94 

- 180^^ p2 

- 1.1 

7a°12? 

1 1 

250.1l(.03) 

- 1800.81 

- 1799.08, 

- 1.7 

0^„ 0 

1.0cij|^17 0, 

256.10(.04) 

- 1794.82 

- 1792,95 

- 1,9‘ 


258.97(.0l) 

- 1791.95 

- 1792. IB 

0-2 

6b°9b° 

265.95(.0l) 

- 1784.97 

- 1781.99 

- 3,0 


276.10(.04) 

- 1774.82 

~ 1774.11 

- 0.7 


281.09(.05) 

- 1769.83 

- 1770,28 

0’»5. ^ 



E 


coiitd. 


1 

2 

3 

4 

5 

6b°9a° 

S5283. 59(.05) 

- 1767.33 

- 1767.92 

O.S 

? 

300.05(*05) 

- 1750.87 



12°18a°18bJ^ 

5l2.6l(.0l) 

- 1738.31 

- 1759.59 

1.5 

10a°17b° 

1 1 

315.41(,01) 

- 1735.51 

- 1733.73 

1.0 


319.76(.03) 

- 1731.16 

- 1732.16 

i.a 

5°10b“ 

330.65(.OS) 

- 1720.27 

- 1722.90 

2.6 


340,96(.l) 

- .1709.96 

- 1710.26 

0.5 

6b°7a° 

343.84(.l) 

- 1707.08 

- 1707.50 

0.4,- 

aDb°X7a° 

345,73(.005) 

- 1705,19 

- 1705.16 

~ 2.0 

6b°ill^a° 

351.62(.02) 

~ 1699.30 

- 1700.60 

1.3. 


3S2.98(.05) 

— 1G87 • 94 

- 1688.61 

o.y 

0. 1 

371.30(.05) 

- 1679.62 

~ 1670.70 

0.9 

4°5° 

11 

586.13(.01) 

- 1364.76 

- 1665.38 

0.6 


59 1.76 (.01) 

- 1659.16 

- 1662.44 

3.3. 

iK^a^ 

39 3. 08 (.01) 

- 1657.84 

1657.24 

- 0.6 

6b°aSa°lBb^ 

403.02 (.02) 

- 1647.90 

~ 1648.01 

0.1 

10b°17b° 

409.36(.08) 

- 1641.56 

- 1645.94 

2.4 

6b°3Ba° 

410.48 (.05) 

- 1640.44 

- 1640.58 

0.1 

l°6b°lBbJ- 

111 

423.89(.06) 

- 1627.03 

- 1626.11 

- 0.9 

l°6b° 

431.2l(.2) 

- 1619.71 

- 1618.68 

- 1.0 

8b° 

452.73(.05) 

- 1598.19 

- 1598,19 

- 

8a° 

464.48(.02) 

- 1506.44 

- 1586.44 

- 

10a^lOb°18b^ 

473.35(.0l) 

- 1577.57 

- 1580.08 

2.5 

X0a°K)b° 

481.3l(.0l) 

- 1569.61 

- 1572.65 

3.0- 



5 


1 

" -'2 

3 “ 

4 

5 

4° 10a? 

11 

35536. 03(. 02) 

- 1514.89 

- 1515.13 

0.2 

? 

546.19(.02) 

- 1504.73 



7a°16a| 

561.65(.15) 

- 1489.29 

- 1490.86 

1*6 

6a°15° 

565.44(.03) 

~ 1485.48 

- 1484.44 

- 1.0 

19a° 

568.64 (.1) 

- 1482.20 

- 


I0b° 

570.39(.02) 

- 1480.53 

- 1482.86 

2,3 

? 

578.66 (.01) 

- 1472,26 



6b°12°16b^ 

585. 24 (.10) 

~ 1465.68 

- 1467.95 

2*3 

9b°18b° 

592. 38 (.00) 

- 1458.54 

- 1461.80 

3.3 

I9bi 

603.09(.03) 

mm 14:4:7 • S3 

- 

- 

5°lSb° 

604. IB (.03) 

- 1446.74 

- 1448.55 

1.8 

6a^l0a° 

609. 13 (.05) 

- 1441.79 

- 1442.49 

0.7 

4°10b°iab^ 

617. 80 (.01) 

- 1435.04 

- 1432.77 

- O.S 

16a^l8a°18b^ 

620.90(.0l) 

~ 1430.02 

- 1431.37 

1.4 


622.85(.0l) 

- 1420.09 

~ 1428.02 

- 0.1 

4°wt° 

624.75(.08) 

~ 1426.17 

- 1425.34 

- 0.8 

16agl8a^ 

628.27(.l) 

1422.65 

- 1423.94 

1.3 

.Op 0 

630.54(.2) 

~ 1420.30 

- 1420.59 

0.2 

12° 

638.48(.3) 

- 1412.44 

~ 1412.96 

- 0.5 

l°12a|l0b^ 

642.41(,05) 

1400.51 

- 1409.47 

1.0 


648.6l(.2) 

- 1402.31 

- 1402.04 

- 0. 3 

? 

660.12(.05) 

- 1590.80 



6b^a^l6a^ 

663.55(.05) 

1587.57 

- 1386.75 

0.6 

7a°lSb° 

664.79(.l) 

- 1386.13 

- 1387.31 

1.2- 



4 


contd. 


1 

2 

3 

4 

5 


55669. 40(. 2) 

- 1381.52 

- 1384.87 

5.4 

S^a° 

676.70(,1) 

- 1374,22 

- 1375.16 

0.9 

4° 

681.62(.l) 

- 1369,30 

- 1569.57 

0.‘3 

16b°l7b° 

685.19(,1) 

- 1367.73 

- 1567.82 

0 • 1 

I5°18b° 

689.69(.0l) 

- 1361.33 

- 1361.80 

0.5 

4^a° 

697.46(.2) 

^ 1353.47 

- 1354.34 

0.9 

9a^l6a^ 

699. 49 (.3) 

- 1351.43 

- 1353.35 

1.9 

7a°17bJ 

711.76(.l) 

- 1339.16 

- 1340.30 

1.1 

6a^a°16a^ 

718.47(.l) 

1332.45 

- 1331.49 

1.0 


724,36(.2) 

1326# 56 

- 

- 

6b°l£° 

729.23(.5) 

- 1321.69 

- 1321.30 

- ©.2 

5^1Sa° 

745.0l(.l) 

- 1305.91 

1308.24 

2.3 


751.99(.5) 

- 1298.93 

- 1298.49 

0.4 


759.08 (.5) 

- 1291.84 

.. 1292.93 

1. 1 

i- 1 

7a^l6a^ 

761.08 (.1) 

- 1289.86 

1290.87 

1.0 

4^18a° 

763.77(.i) 

- 1287.15 

- 1287«65 

0.2 

lOgl 

765.55(.05) 

- 1285.57 

- 1286.34 

0*8 

7a°lflbl 

771.64401) 

- 1279.28 

- 1278.22 

- 1.0 

17b^3Ba° 

776.6S(.05) 

- 1274.26 

- 1273.38 

- 0.9 

3° 

779.14(.2) 

- 1271.78 

- 

-- 

7a°l4 

X o 

781.3l(.05) 

- 1269.50 

- 1271.92 

2.4 

1°4^ 

■^ri 

785.5l(.3) 

.. 1265.61 

~ 1265.45 

- 0.2 

l^lTb?" 

■^i 1 

800. 62 (.1) ■ 

~ 1250.30 

- 1251.48 

1.2 

7a°16b^l8b5; 

803.7 5(. 05) 

~ 1247.17 

- 1246.60 

— 0*6 




5 


conbd. 


1 

2 

3 

4 

_ 5 


35800, 70(. 25) 

- 1242.22 

1242.67 

0.5 


012.64(.15) 

- 1230.20 

- 1239.17 

0.9 

lDa°lSa° 

016.58(,2) 

- 1234.34 

- 1254.62 

0.3 

6b” 

824.95(.5) 

- 1225.97 

1229.80 

5.8 

9a°llJ;i5b^ 

827,44(.05) 

- 1225.48 

- 1220.47 

- 3.0 

Ta^lObJ 

11 0 

829.1£(,05) 

- 1221.80 

- 1220.98 

- 0.8 

9aX 

037.90(.15) 

- 1213.02 

- 1213.04 

0.0 

7a°l4 

038.73(.10) 

- 1212.19 

- 1212.32 

0.1 

IDb^lSa® 

839.04(.10) 

- 1211.03 

- 1211.30 

0.2 


846.74(,5) 

- 1204. IS 

- 1204,11 

0.1 

7a°10a°17aJ 

858.03(.005) 

- 1192,39 

- 1194.16 

!.• 3 

6a^a° 

860.2l(.005) 

- 1190,71 

~ 1191.58 

0.9 

i-iK 

862. 38 (, 05) 

~ 1180.54 

- 11S9.40 

0.9 

6bX 

085,36 (.05) 

- 11S5.56 

- use . 40 

0.8 

l?ll^ 

15 

060,35(.00) 

1182.57 

~ 1183.10 

0,5 

7a°6b°lCai-16b^ 

1 1 0 0 

069,44(.05) 

- 1181.48 

- 11S2.45 

1.0 


872, 16 (.01) 

- 1178.76 

- 1170.96 

0.2 

16b^l8a° 

880. 57 (.05) 

~ 1170.55 

- 1172.25 

1.9 

9b° 

883.03(.05) 

- 1167.09 

- 

- 

9a°10b^ 

090.09(.l) 

- 1160.03 

- 1160.45 

0.4 

7a°11^10bJ 

892,25(.0l) 

- 1158.67 

- 11S0.05 

1.4 

9a° 

897 .90( l) 

- 1153.02 

- 



099. 56 (.3) 

~ 1151.36 

- 1152.62 

1.3 

ll|iaa° 

90 6. 09 (.1) 

- 1144.83 

- 1145.40 

0.6 



6 


contd. 


1 

2 

3 

4 


6aj7a° 

55910. 31(. 2) 

- 1132.61 

- 1131.16 

- 1.5 

18a°10a°17a^ 

1 1 0 

922.75(,1) 

- 1128.17 

- 1127.24 

- 0.9 


927.54(.8) 

- 1123.30 

- 1123.29 

- 0.1 

i°i4 

920.35(.3) 

- 1122.57 

- 1123.50 

0.9 

6b^l8a^ 

931. 50(.O5) 

- 1119.58 

- 1119.48 

- 0.1 

l°3JDa°17aJ 

1 1 0 

945.72(.05) 

- 1105.20 

- 1105.34 

0.1 

6ajl9a° 

947.34(.05) 

- 1305.58 

- 1304.04 

0.5 

7a°USb^ 

1 1 

951.87 (.4) 

- 30,99.05 

- 1100.03 

1.0 


954.97(.l) 

- 3095.95 

- 1100.00 

4.1 

7a° 

958.32(1.5) 

- 1092.60 

- 

- 

^7a° 

960. 38 (.4) 

- 1090.54 

il^ 

- 

Uil0a° 

965,3l(.5) 

- 308 5,61 

~ 1085.70 

0.1 

6b^b° 

0 1 

973.25(,1) 

- 1077.67 

- 1077.16 

- 0.5 

15>i 

976-ll(.05) 

- 3074.81 

- 3075.06 

0.3 


978.85(.3) 

- 3072.07 

- 1071.23 

0*8 


933. 29 (.5) 

- 1067.63 

.. 



907.20(1) 

- 3063.72 

- 1065.80 

0.1 


56001. 5l(.Ol) 

- 1049.41 

- 1049.77 

0.4 


003. 06 (.8) 

- 3042.06 

- 1042.34 

0.3 

a^a°13bj 

017.50(.8) 

- 30 33.42 

- 1033.11 

- 0.3 

10a° 

025.24(2.5) 

- 1025.68 

- 

- 

l°Mbl 

039.66(1) 

- 3011.26 

- 1011.21 

- 0.1 

16ai 

0.43.64(.4) 

- 3007,28 

- 1007.11 



d 



7 


contd. 


1 

2 

5 

4 

5 


36047*14(5) 

- 1003.78 

- 


? 

05S.52(.2) 

- 994.40 




061. 70 (.1) 

- 989.22 

- 989.04 

- 0.2 

? 

069.35(.05) 

- 981.57 




075.27(.05) 

- 975.65 

- 975.58 

- 0.1 

? 

078.94(.0l) 

- 971.90 




083.30(1) 

- 967.62 

- 968.15 

0.5 

"4112° 

065. 56 (.05) 

- 965.36 

~ 966.27 

0.8 


097.07 (.05) 

- 953,85 

- 954.18 

0.5 

6a^l2°16a^ 

103.29(.2) 

- 947.63 

- 945.37 

2*3 

^6a5;l2°16a]; 

107.45(.05) 

- 943.47 

- 942.18 

- 1.3 

10b°X 

112.8E(.8) 

- 938. 3X) 

~ 938.92 

0.8 

16l>° 

13B.3E(.l) 

- 954.12 

- 934.12 

0.0 

6b°11^7b^ 

120. 99 (.08) 

- 921.93 

- 922.62 

0.7 

Sb^lBaJ-lOa^lYa^ 

11 x0 

153.03(.0l) 

- 917.09 

- 916.79 

- 1.1 

t 

l2°U3a^l8b]; 

157.6l(.0l) 

- 913.31 

~ 914.24 

0.9 

lE°l6a^ 

144. 54^) 

- 906.38 

- 906.81 

0*4 

^lE°16a^ 

146.4l(.E) 

- 904.51 

- 904.93 

, 0.4 

=K 

153.84(.05) 

- 097.08 

- 897.46 

0.4 

1 0 

JDb^lEi 

159.13(.Ol) 

- 891,79 

- 892.10 

0.5 

4^b°3Bb^ 

165.26 (.01) 

- 805.66 

- 884.00 

- 1.7 

11^4° 

1J30.30(.01) 

- 880.62 

- 881.40 

0.8 

4*’°! 

173.84(.l) 

- 877.08 

- 876.57 

- 0.5 

6b°17b]^lBb^ 

1S1.09(.005) 

- 869.85 

- 870.05 

0 .2 



contd 




2 

ll^lSag 

3S184,74(.02) 

6TD°l7b^ 

1G8,51(.1) 

lS°16b^ 

19G.26(.6) 


216.94(,05) 

6a° 

S20.90(,2) 

llglEl 

225.23(1) 

6b°l6a]^U3b]^ 

227.03(.5) 

6b°ll^l£b^ 

229,7l(,5) 

6b°16a^ 

235.1D(2.5) 

6a°lSa^ 

257.60(.05) 

12°lJDa?17a^ 

1 1 0 

240.58(.2) 

16a^ 

244,14(1) 

7a°l8bJ 
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CO 

• 


925,26(.0l) 

2874.34 

2077.56 

3.2 

13^16a^ 

0 1 

953,46 (.05) 

2882.54 

2883.32 

1.8 

-j Oq ^ 

loa^ 

943.G0(,05) 

2892.60 

2896.95 

4.5 

11 1 
l-^6b^l9b-^ 

0 O 0 

986, 60 (.3) 

2935.60 

2955.56 

- 0.1 

iJfa^lSa^ 

0 0 0 

40013. 39(. 3) 

2962.47 

2962.07 

- 0.4 

p 

19b^^ 

0 

019.65(,05) 

2968.73 

2966.42 

- 2.3 

11 1 

0 0 0 

055.5l(.l) 

2984. 59 

2986.74 

2.2 

1 2 

059,84(.0l) 

2980.92 

2996,40 

7.5 

l-^6b\Ga^lBb^ 

O 0 0 0 

066.43(.05) 

3015.51 

3019.39 

3.9 

IS^lOa^ 

0 0 

072, 27 (.1) 

3021. 35 

3021.04 

1 

o 

• 

1 i 

i:riir 

0 1 

074. 32 (.2) 

3023.40 

3025.63 

0.2 

llsa^b?- 

0 0 o 

096.0l(.05) 

3045.09 

3046. 37 

1.3 

? 

102. 90 (.2) 

3051.98 



1 0 

0 0 

104. 82 (.2) 

3053.90 

3056.94 

3.0 

7b^ 

0 

106.93(.2) 

3056.01 

- 

«i* 

p 1 

cm;: 

0 0 

124.04(.05) 

3073.12 

3072.76 

- 0.4 

1 2 

9b„3£a„ 

Q 0 

127 .70 (.5) 

3076.86 

3080.70 

3.8 

ijrajisj 

0 0 0 

131.53(.l) 

3080.61 

3006.16 

5.6 
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contd. 


__ i 



4 

" 5~ 

1 

40134. G7(. 8) 

3083.G5 

mm 

- 

7a>a^ 

146.G6(.08) 

3095,94 

3095,85 

- 0.1 

11 1 

0 0 0 

159.53(.04) 

' 3108.61 

5107.09 

- 1.5 

1 2 

3;:i0a^ 

0 0 

171.G0(.01) 

3120.88 

3125.70 

' 4.8 

0 0 

190. 07 (.2) 

3139.75 

3141.42 

2.3 

20a ^ 

0 

209.09(.l) 

3150.17 

~ 

- 

l^a^lGa^ldb^ 

O 0 0 o 

297.1G(.05) 

3246.26 

5249.46 

3.2 

? 1 

1 19b-^ 

0 0 

393.33(.5) 

3342.41 

3545.85 

3.4 

0 0 0 

39G.70(.2) 

5347.06 

3349.32 

1.5 

*> 

401.14(.05) 

3350.22 



l^lGa^lSb^Ba^ 

403.22(.2) 

5352.30 

3355.27 

1.0 

0 0 0 o 
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i;^i8a;:i9b;“ 

0 0 0 

426.21(.5) 

3375.29 

3380.18 

4.9 

lisb^a^iOa^: 

0 0 o 0 

444.3l(.2) 

3393.39 

3398.59 

5.2 

18aQl9bJ 

455, 80 (.5) 

3404 .88 

5414.51 

9.S 

lOa^SbJ 

565.24(.0l) 

3512.32 

3515.72 

3.4 


051.86(.2) 

3800.94 

3800.63 

- 0.3 



